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ABSTRACT 
 
 
 
In this thesis work, carbon-based nanomaterials using as an anode for 
lithium ion battery have been generally investigated. Compared to typical 
micron-sized carbon materials, nanosized carbon materials exhibited great 
potentials not only in practical anode application but also in the fundamental 
science exploration of Li ion diffusion. In the case of practical application, one 
dimensional carbon nanofibers (CNFs) fabricated by electrospinning was 
prepared for anode material. The structure involves neither a metal substrate nor 
binders and therefore eventually benefited the capacity and long term stability. 
Yet, the energy density is still limited to 370 mAh/g of conventional carbon. In 
order to improve the capacity of raw carbon nanofibers, silicon, a high Li storage 
material, was incorporated by electrochemical deposition. The resulted Si/CNF 
mat improved clearly the capacity of carbon materials more than twice for most 
of cases.  
 
In the case of fundamental study, chemical vapor deposition (CVD)-
synthesized two dimensional graphene was chosen to be a media to reveal the 
diffusion pathways of Li ion. Compared to typical graphite which contains both 
basal and edge planes, a well defined basal plane with large area can be realized 
in graphene to provide a comprehensive picture of lithium diffusion mechanism. 
We have discovered that electrochemical reaction of electrode 
(substrate/graphene) not only is related to the number of graphene layers but also 
relies on the defect sites on the basal plane of graphene. Combing the 
experimental results and density functional theory calculations, we proved that 
basal plane hindered lithium ion diffusion with a high diffusion barrier height, 
whereas divacancies and higher order defects can be shortcuts for lithium ion 
diffusion. 
 
 
Keyworks: nanocarbon materials, lithium ion battery, carbon nanofiber, silicon, 
graphene, lithium ion diffusion 
 
 
 
 
II 
 
RESUME 
 
 
 
Dans ce travail de thèse, nous avons exploré l’utilisation des nanomatériaux 
à base de carbone comme anode pour les batteries lithium-ion. Par rapport aux 
matériaux d’anode classiques qui sont de type carbone graphitique a des tailles de 
grains de l’ordre du micromètre, les matériaux de carbone de taille nanométrique 
présentent un grand potentiel non seulement pour l'application pratique en tant 
que matériau d'anode, mais aussi du point de vue de la science fondamentale car 
permettent l'exploration fine des phénomènes de diffusion des ions lithium. Dans 
le cadre de l'application pratique, nous avons exploré les nanofibres 
unidimensionnelles de carbone (CNF) en tant que matériau d'anode. Cette 
structure d’anode comporte un substrat métallique comme collecteur de courant 
mais n’avons pas utilisé des liants ce qui bénéficie a la stabilité à long terme. 
Pourtant, la densité d'énergie que nous avons obtenu était encore limitée à 370 
mAh /g similaire à celle du carbone conventionnel. Afin d'améliorer la capacité 
des nanofibres de carbone bruts, nous les avons recouverts de silicium (par dépôt 
électrochimique), un matériau d’insertion de lithium avec une bien plus 
importante capacité de stockage. Le tapis hybrides Si / CNF ont permis 
d'améliorer nettement la capacité des matériaux de carbone jusqu'à deux fois de 
plus pour la plupart des cas. 
 
    Du point de vue des études fondamentales, le graphène matériau 
bidimensionnel, a été synthétisé par dépôt chimique en phase vapeur (CVD) et 
utilisé comme un support pour mettre en évidence les chemins de diffusion des 
ions lithium. Par rapport à du graphite classique qui contient à la fois les deux 
plans de type basal et prismatique, seulement un plan basal bien défini et d’une 
grande surface spécifique peut être réalisé dans le cas du graphène. Nous avons 
découvert que la réaction électrochimique a l'électrode (substrat / graphène) est 
non seulement liée au nombre de couches de graphène mais s'appuie également 
sur la présence de défauts dans le plan de graphène. Combinant les résultats 
expérimentaux et les calculs de théoriques, nous avons pu prouver que le plan 
basal empêche la diffusion des ions de lithium avec une hauteur de barrière de 
diffusion élevé, alors que les divacancies et les défauts d'ordre supérieur peuvent 
constituer des raccourcis pour la diffusion des ions de lithium. 
 
 
Keyworks: Matériaux des nanocarbonés, batterie lithium-ion, nanofibre de 
carbone, Silicium, graphène, diffusion des ions lithium 
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1 
 
INTRODUCTION 
 
The issue of the sustainability of energy supply has attracted worldwide 
concern due to the crisis in rapid depletion of fossil energy resources along with 
serious environmental pollution issues. Over the past several decades, 
tremendous efforts have been made in developing alternative technologies to 
harvest and store sustainable clean energy. Thanks to the development of 
nanoscience and nanotechnology, clean energy technologies are progressing 
impressively which makes them more practical and price competitive with fossil 
fuels. Clean energy technology covers production, storage, and conversion. 
Researches on energy production from renewable natural resources include solar 
energy conversion, wind, geothermal and hydraulic energy and involve often 
heavy engineering works. Our main concern using nanoscience from basic 
science point of view is energy storage. Among all different kinds of energy 
storage systems, rechargeable lithium-ion battery (LIB) is one of the greatest 
successes of modern material electrochemistry. It has drawn the most attention 
not only because of its higher energy density and longer cycle life compared to 
any existing battery systems but also its lightweight and compact which benefit 
the application in hybrid vehicles and portable electronics [1]. 
 
LIB consists of an anode (negative electrode) and a cathode (positive 
electrode). These two electrodes are capable of reversibly hosting lithium in ionic 
2 
 
form. Common candidates for the cathode are lithiated metal oxides and 
carbonaceous materials for the anode. Prior to the discovery of graphite anode 
materials, lithium metal had been used. However, possibility of thermal runaway 
caused by the internal shorts triggered by the formation of lithium dendrites has 
been a long standing issue [2]. The use of graphite as an anode material for 
intercalating lithium ions in rechargeable LIB was then proposed [3]. It is still the 
main stream of anode material for commercial LIB up to now due to its well 
defined layered structure for lithium intercalation, low operating potential, and 
remarkable interfacial stability [4]. Unfortunately, the intercalation capacity of 
lithium ions in graphite is limited to 372 mAh/g with LiC6 stoichiometry. 
Numerous efforts have been made to increase this value by modifying the 
crystallinity, the microstructure, and the micromorphology of the carbonaceous 
material [5-8]. These structural parameters play a crucial part in determining and 
optimizing the electrochemical performance of carbon anodes. 
 
The exploration of nanomaterials and nanocomposites provides us new 
opportunities to improve the anode performance of LIB. Compared to 
micrometer-scaled carbon material, nanostructured carbon exhibits differences 
not only in dimensionality and morphology, but also in the distribution of 
chemical bonding which allows the mixtures of local electronic structures 
between sp
2
 and sp
3 
[9] Therefore, carrier transport properties are different from 
classic carbon material when nanometer-scaled carbon is in contact with 
3 
 
reactants. Nanostructured carbon materials with high accessible surface areas and 
short diffusion time for lithium ions open new perspectives for high energy 
density and high power density LIB.  
 
In order to fully develop the potential of nanoscaled carbon as an anode for 
LIB, a systematical study is needed. In this thesis work, after a brief overview of 
LIB (chapter one), fundamentals that provide the basic idea of operation 
mechanism in LIB, types of conventional carbon anode materials, and their 
anode performance will be reviewed in chapter two. Chapter three will mainly 
focus on studying the one dimensional carbon nanofiber anode material. An easy 
fabrication process, electrospinning, which is a good for mass production is 
introduced for raw carbon nanofiber synthesis. In order to improve the 
performance of raw carbon nanofiber, Si, a high Li storage material, is 
incorporated through electrochemical deposition method. Using nanoscaled 
carbon material for fundamental research of lithium ion diffusion pathway is 
given in chapter four. Here, two dimensional graphene synthesized by chemical 
vapor deposition is chosen to study the nature of Li ion diffusion since it is the 
basic building block of graphite which is the most common material for anode. 
 
Finally, a general conclusion and perspectives are given. 
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CHAPTER ONE 
Overview of Rechargeable Lithium Ion Battery  
1.1 Electrochemical Energy Storage Systems 
Systems for electrochemical energy storage convert chemical energy into 
electrical energy. Electrochemical energy storage devices basically include 
batteries, fuel cells, and electrochemical capacitors (ECs). Although the 
mechanisms for energy storage and conversion are different, similarities do exist 
among these three systems. Common features are that batteries, fuel cells, and 
ECs consist of two electrodes which in contact with electrolyte. Requirements 
upon electron and ion conduction in electrodes and electrolyte are valid for all 
three systems. Furthermore, electron and ion transport are separated during the 
charge/discharge processes which take place at the phase boundary of the 
electrode/electrolyte interface [1]. The main difference between battery, fuel cell 
and ECs is the way of elec trical energy generation. In batteries and fuel cells, 
electrical energy is produced by conversion of chemical energy via redox 
reactions (Faradic process) at the anode and cathode. On the other hand, in ECs, 
energy may not be delivered via redox reactions but rather via the formation of 
electrical double layers (non-Faradic process) by orientation of electrolyte ions at 
the electrode/electrolyte interface, and thus the use of the terms anode and 
cathode may not be appropriate [2].  
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In order to value the energy contents of a system, terms of “energy density” 
(or “specific energy”) and “power density” (or “specific power”) are used. 
“Energy density” is expressed in watt-hours per liter (Wh/L) [or in watt-hours per 
kilogram (Wh/kg)] and “power density” is expressed in watt per liter (W/L) [or 
in watt per kilogram (W/kg)] [2]. To compare the performance of various energy 
storage devices, a reprehensive chart known as the Ragone plot was developed. 
In such a plot, the values of specific energy (in Wh/kg) are plotted versus specific 
power [3], as shown in Figure 1.1. It is clear to see that fuel cell can be 
considered as high energy density system and supercapacitor as high power 
density system. However, battery has intermediate energy and power 
characteristics. Compared to fuel cells and supercapacitors, batteries have 
realized the biggest application markets so far. Whereas supercapacitors have 
found its own position as memory protection in several electronic devices and 
instantaneous power backup systems, fuel cells are basically still in the 
development stage [1]. 
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Figure 1.1. Ragone plot showing energy density vs. power density 
for various energy storage devices. Cited and modified from Ref. [3]. 
 
1.2 Rechargeable Lithium Based Battery 
There are two types of batteries: primary batteries that are designed to be 
used once and discarded, and secondary batteries that are designed to be 
recharged and used multiple times. Therefore, they are also named as disposable 
batteries and rechargeable batteries. Common types of disposable batteries such 
as zinc–carbon battery cannot be reliably recharged, since the chemical reactions 
are not easily reversible and active materials cannot recover to the original forms 
[4]. On the other hand, electrochemical reactions in rechargeable batteries such as 
nickel-cobalt battery and lithium-based batteries are electrically reversible.  
 
Figure 1.2. Comparison of the different battery technologies in terms 
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of volumetric and gravimetric energy density. Cited from Ref. [5]. 
 
Considering the requirements of modern society with popular portable 
electronics, rechargeable batteries are more favorable nowadays. The 
development of rechargeable batteries is a long story. To this date, among various 
existing technologies, such as lead-acid, Ni-Cd, nickel-metal hydride (Ni-MeH), 
Li-based batteries draw the most attention because of their high energy density 
and possibility of compact-flexible design, as indicated in Figure 1.2. Combining 
the profound mechanism study and the involvement of advanced materials, they 
have become the most dominant power source for cell phones, digital cameras, 
laptops etc. According to the recent market investigation, the share of worldwide 
sales for Ni–Cd and Ni–MeH batteries are 23 and 14%. However, Li-ion portable 
batteries take up to 63% of the battery market [5]. 
     
The starting point of incorporating lithium metal in battery technology is the 
fact that lithium is the most electropositive (–3.04 V Vs standard hydrogen 
electrode) as well as the lightest (specific gravity ρ=0.53 g cm–3) metal which 
benefits the design of high energy density system [5]. Lithium metal as an anode 
was firstly reported in 1970 where TiS2 was used as a cathode [6-8]. However, 
Li-metal cell encountered many problems. One of shortcomings is redeposition 
of lithium as a form of metal and uneven dendrite formation during subsequent 
charge/discharge cycle, as shown in Figure. 1.3a. This could lead to a short 
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circuit problem and thus explosion issues [9]. Therefore, even though Li-metal 
based cells exhibit the highest energy density as shown in Figure 1.2, their 
practical application is limited. Upon the inspiration of the development on the 
positive electrode which used LixMO2 (where M is Co, Ni or Mn) as a host 
material for Li ions [10-11], the Li metal is not necessarily required, therefore a 
concept so-called Li-ion or rocking-chair battery which introduced a second 
host material to replace Li metal was emerged to solve the safety issues in 
rechargeable Li-metal battery, as shown in Figure 1.3b [12-15].  
 
Figure 1.3. Schematic representation of lithium batteries. a, 
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Rechargeable lithium-metal battery, dendrite formation was shown 
in the negative electrode. b, Rechargeable lithium-ion battery. 
Cited from Ref. [5]. 
 
1.3 Rechargeable Lithium Ion Battery 
The configuration of Li-ion battery electrodes is two types of lithium host 
materials (Figure 1.3b). The storage capacity of the battery is given by the 
amount of Li that can be stored reversibly in these two electrodes. To be clear, for 
rechargeable Li-metal batteries, the positive host electrode does not need to be 
lithiated before cell assembly since the use of metallic Li as the negative 
electrode. In contrast, for Li-ion batteries, the positive host electrode usually acts 
as a source of Li since the common negative electrode such as carbon, Si, 
transition metal oxide contains no Li. Thus, air-stable Li-based intercalation 
compounds in positive electrode are required to complete the cell assembly.  
 
The structural stability of the host material during insertion and de-insertion 
of Li ions is a critical factor since it determines the long term stability of Li-ion 
battery. Generally, anode materials can be classified into three categories 
according to the Li storage mechanisms besides graphite: alloying, insertion, 
conversion. Most of these materials show different disadvantages compared to 
graphite, as indicated in Figure 1.4. In the case of Li alloy (Si, Sn, Ge, Al, Pb 
etc) and conversion-based electrodes (CoO, Fe2O3 etc), the volume change 
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between the Li-containing states and the corresponding lithium-free states is very 
large due to the mechanical stresses generated during charge/discharge cycles. 
Therefore, the cracks are easily produced and thus the electrodes collapse. So the 
cycle life is very much limited. In the case of insertion based materials (TiO2, 
MoO2 etc), rather low capacity is the key factor needed to be improved. In 
contrast, materials with two dimensional layered structure such as carbonaceous 
materials, show good cycling behavior since this kind of Li
+
 insertion materials 
exhibits low mechanical strain with small volume changes [2, 5, 12-15]. At the 
present time, research and development activities are mainly focused on such 
highly reversible carbonaceous materials. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. Current issues remaining in different types of anode 
materials.  
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CHAPTER TWO 
Carbonaceous Materials as an Anode of Li-Ion Battery 
2.1 Operation Mechanism of Li-Ion Battery 
Carbon as one of the most abundant elements on earth plays a critical role in 
the development of human society. For thousands of years, human history is 
closely associated with the struggle to extract and utilize the power from carbon 
materials. Carbonaceous materials have been adopted in various electrochemical 
energy storage systems previously. This was motivated by the good electrical 
conductance of sp
2
-hybridized solid carbon, its high chemical stability, and its 
enormous adaptability to different interface processes [1]. Li-ion battery is one 
typical example to utilize the carbonaceous materials in energy storage devices. 
Commercialized LIB usually consists of layered LiCoO2 as a cathode and 
carbonaceous materials as an anode. These two electrodes are usually separated 
by a porous polymer membrane and the ionic transport within the cell is ensured 
by an aprotic organic electrolyte which is a good ionic conductor and electronic 
insulator [2]. Nowadays, the most common electrolyte is a solution of LiPF6 in a 
mixture of alkyl carbonates such as ethylene carbonate, diethyl carbonate, and 
dimethyl carbonate which provides high-permittivity and low-viscosity.  
 
In common Li-ion battery cells, during the charging process, Li ions are 
extracted from the LiCoO2 electrode (cathode) and simultaneously 
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inserted/intercalated into the carbon electrode (anode) by forming a 
lithium/carbon intercalation compound indicated as LixCn, coupled with 
negatively charged electrons to keep overall charge neutrality, as shown on the 
left side of Figure 2.1. During the discharging process, Li ions are reversibly 
extracted/deintercalated from the negative electrode and simultaneously inserted 
into the positive electrode, as shown on the right side of Figure 2.1. This 
charge/discharge process can be summarized by the typical chemical equations as 
shown below [3]: 
 
Figure. 2.1. Schematic illustration of detailed charge/discharge 
process in Li-ion battery. 
 
Positive Electrode:   LiCoO2  Li1-x CoO2 + xLi
+
 + xe
- 
Negative Electrode:  Cn + xLi
+
 + xe
-
  LixCn
 
           Overall:            LiCoO2+ Cn  Li1-xCoO2 + LixCn 
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Compared to ECs whose electrodes are composed of same materials which 
therefore exhibit the same potential, an inherent potential difference exists 
between LiCoO2 and carbonaceous material in LIB, as simply indicated in 
Figure 2.2. The original potentials of LiCoO2 and carbon materials are usually ~ 
4 V and ~ 0.2-0.5 V (depending on types of carbon) vs. Li/Li
+
, respectively [2,4]. 
During the charge process, the cathode will release Li
+
 under the influence of 
external power and the potential of cathode will increase to 4.2 V, whereas the 
anode potential will decrease to approximately 0.01 V vs. Li/Li
+
 upon Li ion 
insertion, thus delivering an output voltage of nearly 4 V to the external load. 
Here, the cut off voltage of LiCoO2 and graphite is usually limited to 4.2 
(corresponding to a removal of 0.5 mol Li) and 0.01 V in order to maintain the 
structural stability [5]. On the other hand, during the spontaneous discharge 
process, Li0.5CoO2 needs to go back to its original potential state which is more 
energetically stable therefore Li ions go back to Li0.5CoO2 and the electrode 
potential goes back to the original state, and the system is thus ready for the next 
charge process.  
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Figure 2.2. Potential profile of anode and cathode during 
charge/discharge. 
 
The discovery of different carbon allotropes associated with nanoscience 
and nanotechnology provided us a room to further improve the performance of 
anode material. Therefore, carbonaceous material used as an anode in LIB is 
chosen to be the main focus in this work. Before moving to the details, we 
summarize one more time the advantages of carbon-based anode material. 
Compared to transition-metal oxides and chalcogenides, carbonaceous materials 
such as graphite and hard carbons are more preferable not only because of (1) the 
unstable inherent nature of the transition-metal oxides and chalcogenides 
materials as mentioned at the end of Chapter 1 and (2) the dimensional stability 
and good conductivity of carbonaceous materials, but also (3) the lowest 
potential versus Li/Li
+
 which gives higher output cell voltage compared to other 
composite alloys, three dimensional metal oxides and so on. For instance, the 
potential of many Li alloys is ~0.3 to ~1.0 V vs. Li/Li
+
 whereas it is only ~0.1 V 
vs. Li/Li
+
 for graphite, as indicated in Figure 2.3 [6]. 
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Figure 2.3. Charge curves of different metals (M) with respect to 
highly oriented turbostratic pitch carbon fibers. Cited from Ref. [6].  
 
One good carbonaceous anode material needs to fulfill high capacity, long 
cycle life, fast charge etc. in addition to high energy/power density, good 
conductivity and stability, as mentioned above. A charge/discharge curve can be 
used as one of the most straightforward tools to demonstrate the storage 
capability, cyclic ability, rate of charge/discharge. The charge/discharge curve 
(capacity-voltage curve) is converted from a voltage-time profile with one or 
several constant current densities that are fixed in advance. The capacity (mAh) 
therefore equals to the current (mA) multiply the time (h). The charge/discharge 
curve usually exhibits very different features according to the structure of carbon 
materials. Thus, in order to further improve the performance of carbonaceous 
anode and to assist in explaining the phenomenon of nanocarbon-based anode 
later, the classification of carbon materials upon the structure and also their 
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associated charge/discharge profiles need to be elaborated first. The related topics 
are explained in detail in the following section. 
 
2.2 Classification of Carbonaceous Materials 
Carbonaceous materials that are capable of reversible lithium reaction can 
be roughly classified into two categories according to their structures: graphitic 
and non-graphitic (disordered) carbon. The non-graphitic carbon can be further 
categorized into soft carbon/hard carbon upon annealing and high specific charge 
carbon/low specific charge carbon according to the capability of reversible 
lithium storage. Charge/discharge behaviors of each type of carbon are presented 
and analyzed in detail in the following context.  
 
2.2.1 Graphitic Carbon 
Graphitic carbon is a well-defined layered structure. Normally, a number of 
structural defects could appear in graphitic carbon. The term of “graphite” was 
derived from crystallographic point of view which should be only applied to 
carbons whose layered lattice structure follows a perfect stacking order of 
graphene layers. That is to say it contains the layer stacking order of either the 
common AB (hexagonal graphite, Figure 2.4 and Figure 2.5a) or the rather rare 
ABC (rhombohedral graphite). However, since the transformation energy from 
AB stacking to ABC stacking (and vice versa) is rather small, perfectly stacked 
graphite crystals are not readily available. Therefore the term of “graphite” is 
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often used regardless of well-defined stacking order [7]. The terms of natural 
graphite, artificial graphite, and pyrolytic graphite are commonly used, although 
the materials are polycrystalline [8]. The actual structure of carbonaceous 
materials typically deviates more or less from the ideal graphite structure. 
Materials consisting of aggregates of graphite crystallites are called graphites as 
well. 
Figure 2.4. Left: Schematics of the crystal structure of hexagonal 
graphite with an AB stacking order. Right: view perpendicular to the 
basal plane of graphite. Edges can be subdivided into arm-chair and 
zigzag faces. Cited from Ref. [7]. 
 
2.2.2 Non-Graphitic Carbon 
Non-graphitic (disordered) carbonaceous materials consist of carbon atoms 
that are mainly arranged in a planar hexagonal network but no crystallographic 
order in the c-direction compared to graphite, as shown in Figure 2.5c [7,9]. The 
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structure of those carbons is characterized by amorphous areas embedded and 
cross-linked in the network. Non-graphitic carbons are mostly prepared by 
pyrolysis of organic polymer or hydrocarbon precursors at temperature below 
~1500°C [10-12].  
      (a) graphite      (b) graphitizable carbon   (c) non-graphitizable carbon 
Figure 2.5. Schematic indications of (a) graphite and (b) non-
graphitic (disordered) carbonaceous material. 
 
Heat treatment of most non-graphitic carbons (from ~1500 to ~3000°C) 
allows us to further classify non-graphitic carbon into two sub-categories: soft 
carbon and hard carbon. In the case of soft carbons, crosslinking between the 
carbon layers is weak and therefore the layers are mobile enough to form 
graphite-like crystallites and develop the graphite structure continuously during 
the heating process, as shown in Figure 2.5b [9]. In the case of hard carbons, 
since the carbon layers are immobilized by crosslinking, they show no real 
development of the graphite structure even at temperatures of 2500 ~ 3000 °C 
[10]. The representative figure is shown in Figure 2.5c. 
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2.3 Lithium Intercalation into Carbonaceous Materials 
2.3.1 Lithium Intercalation into Graphitic Carbon Materials 
2.3.1-1 Description 
Lithium-intercalated graphitic carbon compounds (GICs) are known with 
the configuration LixCn. It is well known that Li intercalation reaction occurs 
only at the edge plane of graphite. Through the basal plane, intercalation is 
possible only at defect sites [13-16]. The maximum lithium content for highly 
crystalline graphitic carbons is one Li guest atom per six carbon host atoms (i.e. 
n  6 in LiCn or x  1 in LixC6) at ambient pressure [17]. That is to say it follo
ws the equation as below:  
 
6 C + x Li
+
 +x e
-
  LixC6, where, x = 1 in LixC6 (the maximum Li conte
nt). 
 
In LiC6, lithium avoids to occupy the nearest neighbor sites due to the 
Columbic repulsive force of Li, as shown in Figure 2.6. Two major changes in 
graphite structure point of view occur when Li intercalats into graphite layers: (1) 
the stacking order of the carbon layers (i.e. graphene layers) shifts to AA stacking, 
see Figure 2.6a and Figure 2.6c. (2) The interlayer distance between the 
graphene layers increases moderately (10.3% has been calculated for LiC6) due 
to the lithium intercalation, as indicated in the right panel in Figure 2.6a [18-21]. 
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Figure 2.6. Structure indications of LiC6. (a) Left: schematic 
drawing showing the AA layer stacking sequence with Li 
intercalation. Right: simplified representation. (b) Perpendicular 
view to the basal plane of LiC6. (c) Enlarged schematic of AA 
stacking order. Cited and modified from Ref. [20-21]. 
 
An important feature of Li intercalation into graphite is the “stage 
formation”. Stage formation means a stepwise formation of a periodic pattern of 
unoccupied graphitic layer gaps at low concentrations of Li [23-31]. This 
stepwise process can be described by the stage index, s (s = I, II, III, IV) which is 
equal to the number of graphene layers between two nearest guest layers as 
shown in Figure 2.7. Note that stage IV is not indicated in the figure because Li 
concentration is too low in graphene layers. It is also known as a dilute stage 
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when s > IV [32]. Two factors determine the formation of stages during Li 
intercalation into graphite i) the energy required to expand van der Waals gap 
between two graphene layers [31,33] and ii) the repulsive interactions between 
guest species. Therefore, compared to a random distribution of Li in the graphitic 
layers during charge process, Li ions prefer to occupy van der Waals gaps with 
high density first to reach an energetically stable state [7]. 
 
 
 
 
 
 
 
      
     Figure 2.7. Schematic indication of stage formation during Li ion      
     intercalation into graphite layers. 
 
2.3.1-2 Charge/Discharge Profile of Graphitic Carbon Materials 
Stage formation as mentioned above is one of the most important 
characteristic of charge profile for graphitic carbon. It can be easily observed in 
the form of plateaus by constant current measurement (i.e. in charge/discharge 
curve), as indicated in Figure 2.8. The associated stages are marked in bottom 
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panel of the figure. The plateaus indicate the coexistence of two phases [24,34]. 
The formation of stages II, IIL (a transition stage of stage II and stage III), III, 
and IV have been identified from experimental electrochemical curves [18,35,37-
40] and confirmed by X-ray diffraction and Raman spectroscopy [17,25,27-
28,35-38]. A schematic potential / composition curve for galvanostatic reduction 
of graphite to LiC6 is shown in the bottom panel in Figure 2.8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Constant current charge/discharge curves of the graphite 
(Timrex KS 44, Cirr is the irreversible specific charge, and Crev is the 
reversible specific charge). Modified and replotted from Ref. [7]. 
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Ideally, Li
+
 intercalation into carbons should be fully reversible and the 
maximum Li storage capacity should not exceed 372 mAh/g according to LiC6 
configuration. However, the charge accumulated in the first cycle usually larger 
than the maximum theoretical specific capacity, as shown in Figure 2.8. 
Compared to the first charge, the first discharge capacity is much smaller. The 
excess charge generated in the first cycle which cannot be recovered can be 
ascribed to a film formation of the solid electrolyte interface (SEI) which is 
caused by the decomposition of the Li
+
 containing electrolyte, such as propylene 
carbonate and ethylene carbonate [41-46]. The decomposition of electrolyte 
usually takes place at less than 1 V vs. Li/Li
+
 and appears as the first plateau in 
the charge curve, as indicated in Figure 2.8 [47]. The advantage of the SEI 
formation is that it can prevent further electrolyte decomposition and create a 
rather stable state for the surface of GIC [48-53]. On the other hand, the 
formation of SEI is a charge-consuming side reaction in the first few Li
+
 
intercalation/deintercalation cycles, especially in the 1
st
 charge cycle. 
Considering that the positive electrode is responsible to provide the Li ion in LIB, 
the charge and lithium losses are detrimental to the specific energy of the whole 
cell and have to be minimized. Because of the irreversible consumption of 
lithium and electrolyte, a corresponding charge loss exists, so called “irreversible 
specific charge” as indicated in Figure 2.8. The reversible lithium intercalation is 
called “reversible specific charge”.  
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2.3.2 Lithium Intercalation into Non-Graphitic Carbon Materials 
According to the capability of reversible lithium storage, non-graphitic 
carbons can be further classified into two categories: high specific charge carbon 
and low specific charge carbon.  
 
2.3.2-1 Low Specific Charge Carbon 
(i) Definition 
Low specific charge carbons are carbonaceous materials which incorporate 
only a considerably lower amount of lithium than graphite. That is to say it follo
ws the equation as below:  
 
6C + xLi
+
 +xe
-
  LixC6, where x = 0.5~0.8 in LixC6 at the maximum 
stoichiometry.  
 
(ii) Examples of Low Specific Charge Carbon 
Cokes [68,77-83] and carbon blacks [81,84-85] are typical disordered 
carbons with low specific charges. During the charge process, Li intercalation-
induced formation of AA stacking is hindered due to the existence of crosslinking 
of carbon sheets as mentioned in chapter 2.1.2. This will eventually affect the 
accommodation of a higher Li amount into graphitic sites and deliver a lower 
specific charge [86-88].  
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Turbostratic carbon [43,86-90] which can also be classified into the category 
of graphitizing/soft carbon is one type of low specific charge carbon. The lower 
amount of Li intercalation than graphite is due to not only the effect of 
crosslinking as mentioned in cokes and carbon blacks, but also larger amount of 
wrinkled and buckled structural segments existing in the structure, and thus 
available lithium intercalation sites is rather low therefore the specific charge is 
lower than graphite [91-92]. 
 
(iii) Charge/Discharge Profile of Low Specific Charge Carbon 
Figure 2.9 shows the first Li
+
 intercalation/deintercalation cycle of a coke-
containing electrode. The potential profile of low specific carbon differs 
considerably from that of graphite, as the reversible intercalation of Li
+
 begins at 
around 1.2 V vs. Li/Li
+
, and the curve slopes without distinguishable plateaus. 
This behavior is a consequence of the disordered structure providing 
electronically and geometrically nonequivalent sites, whereas for a particular 
intercalation stage in highly crystalline graphite, the sites are equivalent [93-94]. 
31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. Constant current charge/discharge curves of a coke (Conoco). 
(Cirr is the irreversible specific charge, Crev the reversible specific charge). 
Cited and redrawn from Ref. [7]. 
 
2.3.2-2 High Specific Charge Carbon 
(i) Definition 
High specific charge carbons can store more lithium than graphite. That is to 
say it follows the equation as below:  
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6 C + x Li
+
 +x e
-
  LixC6, where x > 1 in LixC6.  
 
Li storage capacity of high specific charge carbons could vary from 400 
Ah/kg to ~2000 Ah/kg which corresponding to x = ~1.2 to ~5 in LixC6. The 
difference in the capacity depends on the heat treatment temperature, organic 
precursor, and electrolyte. Even though the higher specific capacity (in terms of 
Ah/kg) is desired in LIB, a larger volume of the carbonaceous matrix is usually 
needed to accommodate the excess intercalated Li which indicates lower charge 
density in terms of Ah/L [7].  
 
(ii) Origin of the Excess Charges 
Several different scenarios have been proposed in order to explain 
origin of excess charges. These different models provide the intuitive 
understanding even though some of them are still debatable [54-58]. A few 
well known examples are listed below. Extra capacity can be realized 
through: (1) The formation of Li2 molecules between layers which indicates 
that lithium molecules occupy the nearest neighbor sites in intercalated 
carbons [59]. (2) The presence of charged Li
+
 clusters in the cavities [60]. 
(3) The “adsorption” of lithium on both sides of single-layer sheets that are 
arranged like a “falling cards” [61]. All of mechanisms are indicated in 
Figure 2.10.  
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Figure 2.10. a) Storage mechanisms of Li ions in graphite. b) Li 
storage in a form of Li2 covalent molecules. c) Schematic model of Li 
storage in cavities and nanopores. d) Li adsorption on the two sides of 
an isolated graphene sheet. Cited from Ref. [3]. 
 
(iii) Charge/discharge Profile of High Specific Charge Carbon 
For both graphitizing (soft) and non-graphitizing (hard) carbons prepared < 
1000 
o
C, the typical charge/discharge profile is shown in Figure 2.11. 
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Figure 2.11. Constant current charge/discharge curves (1
st
 and 2
nd
 cycle) of 
a high specific charge carbon material after heat treatment at 700 °C. (Cirr 
is the irreversible specific charge, Crev the reversible specific charge). Cited 
and redrawn from Ref. [7]. 
 
It is clear to see a SEI-related plateau appears at around 0.6V and a high 
specific charge of around 3720 Ah/kg was achieved during the first charge, as 
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shown in the top panel in Figure 2.11. The special feature of this kind of carbon 
material is that it exhibits a larger voltage hysteresis between charge and 
discharge processes compared to that of graphite (Figure 2.8). To be more 
specific, the second charge/discharge is shown at the bottom of Figure 2.11 
which does not show the effect of SEI. The potential for Li insertion is close to 0 
V vs. Li/Li
+
 whereas the one for Li de-insertion is much more positive [54-55,62-
65] in the second charge/discharge process. According to the previous study, it 
has been shown that the extent of hysteresis is proportional to the hydrogen 
content in the carbon since Li is somehow bound near the hydrogen [66-67]. 
 
Since hydrogen can be removed with increasing temperature, the specific 
charges achieved after the removal of hydrogen need to be evaluated. It was 
found that the value of specific charge after high temperature annealing strongly 
depend on the structure of the non-graphitic material [55,65,68-75]. (i) In the 
case of soft carbon, it will deliver a lower value of specific charge (x < ~0.5 in 
LixC6) which is similar to the low specific charge carbon [54,75-76], when heat 
treated at ~1000 °C. And the specific charge again increases when the 
temperature is > 1000 °C [73,74]. (ii) In the case of hard carbon, it can still 
display a specific charge of several hundred Ah/kg when heat-treated at ~1000 °
C. But Li inserts at a very low potential of a few millivolts versus Li/Li
+
 and a 
smaller hysteresis is shown in charge/discharge profile. In contrast to soft carbon, 
a drastically reduction of specific charge is observed when the temperature is > 
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1000 °C [72,76].  
 
Although the high specific charge carbons show much higher specific 
capacity than graphite, they have some serious drawbacks such as higher 
irreversible specific charges, larger hysteresis and poorer cycling performance 
than graphite [54-55,62,95-96,98,100-101,103-104]. Although the cycling 
performance of non-graphitizing (hard) carbons heat-treated at ~1000 °C is 
reasonable and almost no hysteresis occurs, the end of the charge potential of the 
carbons is very close to metallic lithium [62,75,102]. Under such a charging 
regime, lithium deposition occurs, which will induce safety issue like Li-metal 
battery [7]. 
 
2.4 Summary of Chapter Two 
The operation mechanism of Li-ion battery and the charge/discharge 
behavior based on different types of carbonaceous materials were generally 
reviewed in this chapter. This kind of information provides fundamental 
knowledge to characterize and understand the anodic behavior of nanoscaled 
carbon materials which will be covered in Chapter 3. 
 
Based on this chapter, it is clear to see that there are so many unsolved 
issues related to carbonaceous materials. In the case of graphite, it exhibits good 
cyclic performance and structure stability but the capacity is limited. On the 
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contrary, in the case of high specific carbon, the capacity is higher than that of 
graphite but the long time stability and safety issues remain unsolved.  
 
Although the current understanding of the origins of excess charge is limited, 
it is clear that numerous factors such as surface area, crystallinity, defect 
population, basal/edge plane effects and so on could affect the storage capacity. 
Compared to graphite, the analysis of non-graphitic carbon is more complicated 
since so many unpredictable factors exist. Ahead of understanding of Li storage 
mechanisms and the realization of high capacity anode materials, one preliminary 
issue still remains unclear, that is the Li diffusion pathway in carbonaceous 
materials. Therefore, further understanding of Li diffusion pathway through 
graphene plane and the role of defects in Li diffusion is highly required to 
provide more information to reveal the mystery of Li-C system. In order to 
improve the limited capacity of graphite and also to overcome various problems 
in non-graphitic carbons, incorporation of a second material which contains 
higher Li storage capacity on rather stable carbon matrix could be an alternative 
way to satisfy the requirements on anode part. The related issues will be further 
discussed in Chapter 4.  
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CHAPTER THREE 
Silicon-Coated Carbon Nanofiber Mat for Anode of Lithium 
Ion Battery 
Owing to the current performance deficiencies of micron-sized carbon 
anode materials such as graphites and hard carbons, researchers have been 
struggling a long time to develop new materials and new structures to meet the 
ever-growing market demands. Just as indicated by Richard Feynman in 1959 
that “there is plenty of room at the bottom” [1], the emergency of nanoscience 
and nanotechnology which leads to revolution in basic material science and 
engineering provided us new opportunities to improve carbonaceous anode 
performance. The discovery of nanoscaled carbon materials covers carbon 
nanotubes (CNTs), carbon nanofibers (CNFs), and graphene (Gr) which had 
profound impact on the development of clean energy storage and conversion 
systems. Compared to bulk carbon materials, low dimensional carbons exhibit 
novel properties which are often superior to their bulk counterparts associated 
with decreased size, unique shape, and defects. Therefore, Li storage mechanism 
and anodic behavior could be very different from bulk graphite.  
 
Nanocarbon materials enable electrode reactions to occur that cannot take 
place for materials composed of micrometer-sized particles. The diffusion time 
constant for Li ions is given by t=L
2
/D, where L is the diffusion length and D the 
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diffusion constant [2]. The reduced dimensions increase significantly the rate of 
lithium insertion/removal and also the electron transport because of the short 
distances for Li ion transport within the particles [3]. High surface area permits 
high contact area with electrolyte and hence high Li ions flux across the interface. 
The strain associated with intercalation is expected to be better accommodated 
[4] in nanosized carbons. Due to the advantages as mentioned above, nanocarbon 
materials have been extensively investigated as an anode of LIB.  
 
However, it was found that nanocarbon materials can only provide certain 
degree of capacity improvement which is still far lower than that people expected. 
Thus, incorporation of another cheap and high capacity material such as silicon 
whose specific capacity can reach 3572 mA h g
-1
 at room temperature provides a 
new way to overcome the above issue [5]. Nevertheless, severe structural 
pulverization induced by the large volume expansion during charge/discharge 
makes this material impractical [5]. Therefore, anode capacity improvement by 
Si while maintaining the structural stability is another big challenge. Thus, the Si-
coated CNF mat was synthesized by combining electrospinning and 
electrochemical deposition in this work. The original idea is to improve the Si 
structure stability by taking advantage of the entangled three dimensional CNF 
network which consists of good conductivity and porosity. The structure-related 
characterization and anode performance of CNF/Si mat will be given in detail. 
Before that, the relatively popular one dimensional carbon materials such as 
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CNFs and CNTs will be discussed and compared based on their general 
properties and the potential to be applied as an anode in LIB. Then the detailed 
fabrication process of CNF mat through electrospinning method and the anodic 
performance of as-fabricated CNF mats will be provided in this chaper. 
 
3.1 One Dimensional Carbon Materials as an Anode Material for LIB 
One dimensional carbon materials, carbon nanofibers (CNFs) and carbon 
nanotubes (CNTs) are of great practical and scientific importance. Owing to their 
similar cylinder shapes, the definitions of CNTs and CNFs are often misleading. 
Due to the material and structural similarity, common features do exist in their 
basic properties and Li storage mechanisms. Nevertheless, they are similar in 
form but distinct in (1) general physical properties, (2) Li storage mechanisms 
and (3) means of production which will eventually affect the practical application 
in anode. Therefore, before the detailed discussion of electrospinning fabricated 
CNF mat, the main anode material applied in this chapter, the general 
comparison between CNFs and CNTs based on these three different factors is 
provided here for comprehensive understanding of one dimensional anode 
materials.  
 
3.1.1 General Physical Property of CNFs and CNTs   
If one takes a close look at the basic structure of CNTs and CNFs, the 
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geometry differences can be easily observed between them. CNFs can be 
visualized as regularly stacked truncated conical or planar layers along the 
filament length without hollow core [5–8] whereas, CNTs are formed by rolling 
up graphene sheets to form concentric tubes containing an entire hollow core. In 
fact, some of the carbon nanotubes being investigated actually qualify as carbon 
nanofibers because the lack of long-range order as in graphitic materials and/or 
they have imperfectly rolled graphene sheets. Generally, diameters of CNFs and 
CNTs can be used as a criterion to distinguish these two kinds of materials, as 
shown in Figure 3.1[9].The diameter of CNTs is around few tens of nanometers 
whereas the diameter of CNFs is usually larger than hundred nanometers. Both 
nanomaterials are available in various lengths and could be up to several hundred 
micrometers depending on the feedstock and the production method.  
 
 
 
 
 
Figure 3.1 Schematic comparison of the diameter dimensions on a log 
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scale for various types of fibrous carbons. Cited form Ref. [9]. 
In the case of CNFs, the most important feature is that it exposes large 
portion of graphene edge planes on its surfaces. In the case of CNTs, since it was 
formed by rolling up graphene sheets, the basal plane of graphene is exposed, as 
shown in Figure 3.2 [10]. This general difference in structure will eventually 
affect the Li storage mechanism which will be discussed later. Compared to the 
rather simple configuration of CNFs, CNTs display several different structures 
based on the number of graphene layers and the rolling direction.  
 
 
 
 
 
Figure 3.2 Wrapping of graphene sheet to form SWNT. Cited and 
modified form Ref. [10]. 
 
According to the number of graphene layers, CNTs can be further 
distinguished into SWNTs and MWNTs. SWNT is a single graphene sheet rolled 
into a form of a tube, whereas MWNTs are composed of several concentric tubes 
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of graphenes. The diameter of CNTs varies from a few nanometers in the case of 
SWNTs to several tens of nanometers in the case of MWNTs. The representative 
TEM figures of SWNT and MWNT are shown in Figure 3.3 [11].  
 
Figure 3.3 Schematic indications of (a) SWCNT, (b) MWCNT, and 
the corresponding TEM images in (c) and (d). Cited and replotted 
from Ref. [11]. 
 
According to the rolling directions, SWNTs can be completely described by 
a single vector   (called chiral vector), as shown in Figure 3.4. Two atoms in 
a planar graphene sheet are chosen and one set to be origin. The chiral vector  
is pointed from the first atom toward the second one and is defined by the 
relation  = n  + m , where n and m are integers,  and  are the unit 
cell vectors of the two-dimensional lattice formed by the graphene sheets. The 
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direction of the nanotube axis is perpendicular to this chiral vector. The angle 
between the chiral vector and zigzag nanotube axis is the chiral angle θ 
(Figure 3.4). With the integers of n and m already introduced before, this angle 
can be defined by θ = tan−1 (  ). SWNTs can be described by 
the pair of integers (n,m) which is related to the chiral vector. Three types of 
SWNTs are revealed with these values: when n = m, the nanotube is called 
“armchair” type (θ = 0◦); when m = 0, then it is of the “zigzag” type (θ = 30◦). 
Otherwise, when n ≠ m, it is a “chiral” tube and θ takes a value between 0◦ 
and 30◦. The value of (n,m) determines the chirality of the nanotube and affects 
the electronic property. SWNTs with |n-m| = 3q are metallic and those with |n-
m| = 3q±1 are semiconducting (q is an integer) [12].  
 
Figure 3.4. Chiral vector  and chiral angle θ definition for a (2, 
4) nanotube on graphene sheet.  and .are the unit cell vectors 
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of the two-dimensional hexagonal graphene sheet. The circumference 
of nanotube is given by the length of chiral vector. The chiral angle 
θ is defined as the angle between chiral vector and the zigzag axis. 
Cited and modified from Ref. [12]. 
 
Compared to SWNTs which display complex structure-determined 
electronic properties, MWNTs are multi-surface graphene with various chiral 
angles and would lose special electronic properties, and thus they reveal an 
average effect of all chiral tubes and thus usually exhibit a metallic property 
since their diameters are large.  [11]. In comparison with CNTs, CNFs show 
relatively low conductivity. As a result, in the aspect of material conductivity, 
CNTs could be better choice for LIB anode. 
 
3.1.2 CNFs and CNTs Using as an Anode Material for LIB  
The limited capacity of graphite as introduced in chapter two has hindered 
the further development of battery technology. The interesting properties of one 
dimensional carbon materials therefore have been widely studied to substitute 
graphite as an anode material of LIB. Generally, CNTs and CNFs show similar 
advanced properties with graphite. On the one hand, they preserve even exceed 
the common graphite in the sense of high chemical stability and low resistance; 
On the other hand, they show other favorable characteristics which could further 
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benefit the performance of anode. For example, CNTs and CNFs exhibit high 
specific area which increases the contact area of electrode and electrolyte leading 
to higher charge/discharge rates. The high mechanical strength and flexibility is 
again superb for a long cycle life [13-16] and potential application in flexible 
electronics, respectively.  
 
The storage mechanisms of Li in CNFs and CNTs are similar to each other 
and resemble that of bulk carbon materials combing the characteristics of 
graphite and non-graphitic carbon. Li ions could be stored through: (1) 
intercalation (LiC6 stoichiometry); (2) adsorption and accumulation on the outer 
surface, (3) void space between bundles, (4) defect sites, cavities and nanopores. 
These kind of storage mechanisms have been well illustrated in chapter two, see 
Figure 2.10 [17-18].  
 
However, one main difference does exist between CNFs and CNTs. In the 
case of CNTs, lithium insertion through the walls (basal plane of graphene sheet) 
or the capped ends is energetically not favorable as suggested by Kar et al. who 
investigated lithium insertion into CNTs by ab initio and DFT methods [19]. On 
the other hand, lithium ions can be inserted through CNF walls since it is mainly 
composed of edge plane of graphene sheets [5-9]. More comprehensive 
information related to Li insertion through these two kinds of graphene planes 
will be provided in chapter 4. Thus, in the aspect of feasibility of Li penetration 
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which is closely related to the storage capacity and charge/discharge rate, CNFs 
using as anode material could be more advanced compared to CNTs.  
 
In addition to the differences in basic material property and Li storage 
mechanism as mention above, one more important factor that needs to be 
considered is the means of fabrication for one dimensional carbon materials. As a 
matter of fact, styles of the produced carbon materials, feasibility for further 
processing into LIB anode, and also cost all have huge influences for the real 
application of CNFs and CNTs. Thus, the following section will mainly focus on 
discussion of two popular fabrication methods of CNFs and CNTs. 
 
3.1.3 Fabrication Methods of CNFs and CNTs 
3.1.3-1 Chemical Vapor Deposition for CNFs and CNTs 
Owing to material and structure similarity, both CNFs and CNTs can be 
synthesized through chemical vapor deposition (CVD). CVD is a well known 
production method for carbon based materials. One dimensional CNF/CNT and 
two dimensional graphene can be fabricated using this method. Three basic 
elements for CVD growth are catalyst, carbon precursor, and sufficient thermal 
energy for gas decomposition and reaction to occur. Briefly, the CVD method 
involves the decomposition of a gaseous or volatile compound of carbon, 
catalyzed by metallic nanoparticles with external energy supply, which will also 
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serve as nucleation sites for the initiation of low dimensional carbon growth. The 
most frequently used catalysts are transition metals, primarily Fe, Co, or Ni. The 
energy source is heat from a furnace of CVD [11]. By varying the conditions, 
powder-like samples or film-like samples consist of vertically aligned CNTs or 
network of CNFs/CNTs which are supposed to benefit the fabrication process of 
LIB electrodes, can be easily obtained, as shown in Figure 3.5. The length, 
diameter, and morphology of CNFs and CNTs also can be controlled during the 
synthesis process.  
Figure 3.5 CVD process-fabricated (a) CNT power, (b) vertically 
aligned CNTs, and (c) CNF planar network. Cited from Ref. [11]. 
 
One dimensional carbon anode usually consists of a thin layer of 
CNFs/CNTs which is mounted onto a metal current collector. Compared to 
vertically aligned CNFs/CNTs electrode, planar network-like (film or mat) 
morphology is preferred not only because it is suitable to the conventional coin 
cell battery fabrication but also the short circuit problem triggered by material 
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piercing through the separator can be avoided. In the case of as-grown CNFs or 
CNTs network, the remaining impurities such as catalyst for growth and also an 
appropriate substrate for growth need to be considered before anode preparation. 
Combining all of the factors, power-like CNFs/CNTs samples are widely used 
nowadays. In order to form a network style CNFs or CNTs film from the as-
synthesized powder, material functionalization and dispersion in liquid are 
usually required before the electrode fabrication.  
 
Since CNFs expose graphene edge planes on its surfaces, the surface state 
can be easily modified through chemical functionalization or thermal treatments 
whenever necessary. Functionalizing and dispersing the CNFs are possible to be 
performed using traditional, scalable, and fast processing methods. On the other 
hand, the CNT functionalization was usually performed before dispersion by first 
creating defect sites along the side walls of tubes, which can then be utilized for 
attaching functional groups. This kind of method usually reduces the 
conductivity and mechanical strength of CNTs and requires several processing 
steps. Thus CNTs are more difficult and more costly to scale-up with respect to 
CNFs.  
 
Furthermore, in the case of CNTs, due to their smaller sizes than CNFs, van 
der Waals forces are stronger which induce the formation of ropes or reassemble 
after being dispersed. Therefore, chemical dispersants or functionalization 
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techniques are usually required to aid and maintain dispersion. Unlike CNTs, 
CNFs with a stacked-cup style are less affected by van der Waals forces and tend 
to stay dispersed for a longer period of time. This difference enables CNFs to be 
dispersed through purely mechanical processing techniques without the need for 
additional, and costly, processing steps, making CNFs easier and cheaper to 
process. 
 
Finally, the prices of CNTs and CNFs are very different depending on the 
producer but in general, the cost of CNFs is typically an order-of-magnitude 
lower than that of CNTs. CNFs are available in large volumes (up to 70,000 
pounds per year) and range in price from as low as $ 100 per pound to as high as 
$ 500 per pound. As to CNTs, the price varies widely and is strongly dependent 
on the quality and purity of the products. One can find commercialized CNT 
powder with the price as low as $100 per pound to as high as $ 750 per gram or 
more. Therefore, the costs for just the raw material plus the one for the extra cost 
of additional processing steps (such as purification and functionalization) are 
much higher than that of CNFs. The series of post-treatment procedures also 
significantly increase the complexity of the application of CNTs.  
 
To conclude all of the factors as mentioned above, it is clear that CNFs 
could be simpler and more cost effective material to be adopted in LIB compared 
to CNTs. However, CVD method for the production of CNFs still remains 
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unsolved in many aspects. The complex experimental setup such as certain 
vacuum level, toxic gases protection, and even plasma or microwave 
involvement makes it less cost effective. Also, metals that are introduced as 
catalysts during the synthesis usually exist in the sample which interferes with 
the desired properties of CNFs and cause a serious impediment in detailed 
characterization and applications [10-12,20].  
 
 
 
 
 
 
 
 
 
Figure 3.6 Typical anode assembling based on CVD process 
fabricated carbon powder. Cited and modified from Ref. [20] 
 
Furthermore, it is worth noting that a metal current collector and binders are 
required to complete the final assembly of CVD-grown CNFs powder electrode, 
as shown in Figure 3.6 [20]. The use of metal substrate not only increases the 
mass of electrode which decreases the specific capacity but also causes a 
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corrosion-related issue in a long run. As for the use of binder, the conductivity 
and effective mass of the electrode also will be affected. Therefore, a mature 
CNF network fabrication method which is catalyst-free, easy, cost-effective 
combining a mat/film style sample as a final product to avoid the multiple steps 
of post treatments is highly demanded in the industrial field of anode fabrication.  
 
3.1.3-2 Electrospinning Method for CNF Mat 
Fortunately, free-standing CNFs mat can be fabricated by electrospinning as 
an alternative method of CVD. Electrospinning uses an electrical charge to draw 
very fine (typically on the micro or nano scale) fibres from liquid. This 
traditional method usually combines electrospinning of organic polymers and 
thermal treatment in an inert atmosphere. The electrospinning technique has been 
considered to be one of the advanced fiber formation techniques from polymer 
solution by using electrostatic forces [21-24]. Electrospun-based nanofibers 
exhibited noticeable properties, such as nanosized diameter, high surface area, 
and thin web morphology, which make them applicable to the fabrication of 
high-performance nanocomposites and energy storage devices [25-31]. The 
simple experimental setup and rather easy process compared to CVD are 
particularly suitable for the production of CNFs in large scale. Since this method 
was adopted in the research part in this work, the fundamental mechanism and 
detailed experimental procedures will be further explained as following.   
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In the electrospinning process, a polymer solution held by its surface tension 
at the end of a capillary tube is subjected to an electric field. Charge is induced 
on the liquid surface by an electric field. Mutual charge repulsion causes a force 
directly opposite to the surface tension. As the intensity of the electric field is 
increased, the hemispherical surface of the solution at the tip of the capillary tube 
elongates to form a conical shape known as the Taylor cone [32]. When the 
electric field reaches a critical value in which the repulsive electric force 
overcomes the surface tension force, a charged jet of the solution is ejected from 
the tip of the Taylor cone. Since this jet is charged, its track can be controlled by 
an electric field. As the jet travels in air, the solvent evaporates, leaving behind a 
charged polymer fiber which lays itself randomly on a collecting metal screen. 
Thus, continuous fibers are laid to form a fabric film [32].  
 
The above description of the process suggests that the following parameters 
affect the process: solution properties including viscosity, conductivity, and 
surface tension; controlled variables including hydrostatic pressure in the 
capillary, electric potential at the tip, and the distance between the tip and the 
collection screen; and ambient parameters including temperature, humidity, and 
air velocity in the electrospinning chamber. By appropriately varying one or 
more of the above parameters, fibers with desired properties can be successfully 
produced [32].  
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Figure 3.7. Schematic of CNF mat fabrication processes: (a) 
schematic of electrospinning apparatus and (b) the fabricated 
nanofiber network. 
 
To be more specific, here, fabrication process of polyimide (PI)-based CNFs 
which were also characterized as an anode in LIB in the following section are 
taken as an example. The apparatus used in the electrospinning process is shown 
in Figure 3.7. It consists of a glass syringe with a maximum volume of 20 ml. 
The glass syringe was filled with a Poly(amic acid) (PAA) solution, inside where 
a metal needle (figure not shown) was embedded at the tip of the solution. A 
syringe pump (figure not shown) was used to keep the solution at the tip of the 
tube and also control the flow rate (injection rate) of solution. The solution was 
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charged by connecting the metal electrode to a high voltage power supply. A 
cylindrical collector wrapped with aluminum foil was used as collecting devices 
for the charged fibers.  
 
The Poly(amic acid) (PAA) was synthesized by pyromellitic dianhydride 
(PMDA, Sigma Aldrich) and oxydianiline (ODA). PMDA of 4.4 g was added 
into ODA (4.0 g) pre-dissolved DMF solution (21 g). The mixture was stirred for 
30 min with a magnetic bar. 413 μL triethyl amine (TEA) was then added to 
control the molecular weight. The as-prepared solution was then electrospun into 
PAA nanofibers. The separation distance between the needle and collector, DC 
bias voltage, and solution flow rate were 15 cm, 20 kV, and 0.2 mL h-1, 
respectively. The PAA nanofiber mat with aluminum foil was then put into 
stabilization oven and converted into polyimide (PI) mat after seven different 
oxidation steps at a rate of 1°C min
-1
.[52] The PI mat was then peeled off from 
the aluminum foil and transferred into high temperature furnace. CNF mat was 
formed by annealing the PI mat according to three steps annealing procedures 
(firstly from room temperature to 600 °C in 1 h, then 600 °C to 1000 °C  in 1.3 
h, and finally maintaining in 1000 °C for 1 h) under argon gas environment by 
following the previous publication [33].  
 
3.2 Electrospinning Fabricated CNFs Mat as an Anode Material for 
LIB 
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3.2.1 SEM and Raman Characterization of CNFs Synthesized Through 
Electrospinning 
The as-fabricated CNFs mat was free-standing film with a large area up to 
15 x 15 cm
2
. CNF mat were carefully weighted by using the A&D BM-22 
microbalance located inside the dry room after cut into a 1.5 cm diameter round 
shape. The average mass of the film was around 1mg with a thickness of 25 ± 3 
m. Typical SEM images of CNFs mat were shown in Figure 3.8. The average 
diameter of the fiber was around 180 nm and the surface of CNFs was smooth 
and clean. The micro-Raman spectra was shown in Figure 3.9. It clearly showed 
a G-band near 1592 cm
-1
, which is related to the optical E2g phonon at the 
Brillouin zone center indicating sp
2
 hybridization of carbon network and a D-
band near 1352 cm
−1
, which corresponds to transverse optical phonon near the K 
point and indicates sp
3
 hybridization of carbon network [34]. The intensity ratio 
of D band to G band (ID/IG) was around 0.83. This fairly high value of ID/IG 
indicates the existence of large amount of disorder carbon phase and rather poor 
conductivity of CNFs. This could lead to a poor electrochemical cycle 
performance. Further extensive high temperature (> 1000 °C) and high vacuum 
treatment could improve the crystallinity of the as-synthesized CNFs mat, but the 
degree of the flexibility and the extra cost need to be considered. 
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Figure 3.8. SEM images of as-synthesized CNFs with (a) top view and (b) 
cross-sectional images. 
 
 
 
 
 
 
 
 
Figure 3.9. Micro-Raman spectra of CNFs mat fabricated by 
electrospinning method. 
 
This kind of free-standing CNF mat fabricated through a simple 
electrospinning method is of great interest to be studied as an anode material in 
LIB because not only the sample exhibits a film-like nature right after the 
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fabrication, which avoids the use of binder and metal substrate, but also the well-
interconnected three-dimensional network structure provides a good porosity and 
reasonable conductivity compared to common graphite. Therefore, the as-
fabricated CNF mat was applied and tested as an anode in the following section. 
 
3.2.2 Anode Performance of CNFs Synthesized Through 
Electrospinning 
The electrospinning fabricated CNF mat were directly used as an anode for 
LIB test in the section. Electrochemical measurements were carried out with a 
CR 2032 coin cell using VMP3 instrument (BioLogic Science Instruments). The 
cell was assembled in a dry room using CR 2032 cell case with bare CNF mat as 
a working electrode, lithium metal foil as a counter/reference electrode, and 1 M 
of LiPF6 in a 1:1 (v/v) mixture of ethylene carbonate (EC) and diethyl carbonate 
(DEC) as electrolyte. No extra metal current collector, binder or conducting agent 
were used. A glassy carbon microfiber was used as a separator. The cells were 
charged and discharged galvanostatically between 2.0 and 0.01 V vs. Li/Li
+
. Here, 
we defined 1 C to be 372 mA h g
-1
. The general charge/discharge profile is shown 
in Figure 3.10a. 
 
The charge/discharge (CD) profiles of CNF mat show a gradual change in a 
broad voltage window during charge/discharge, revealing a V-shape feature. This 
is in good contrast with a U-shaped graphite CD curve due to the existence of 
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disordered carbon phase in our CNF mat [35-36]. In the 1
st
 charge of CNF, a 
plateau near 0.7 V vs. Li/Li+ can be attributed to the formation of solid-
electrolyte interface (SEI) via electrolyte decomposition [35]. In the discharge 
process, the slope of the curve started approximately at 0.3 V vs. Li/Li
+
 and has 
delivered a specific capacity around 100 mA h g
-1
 below 0.1 V vs. Li/Li
+
. The 
capacity from the potential region above 0.1 V may be ascribed to the faradic 
capacitance on the surface of CNFs and the capacity from the region lower than 
0.1 V can be related to the lithium intercalation into CNFs [36-38]. This is in 
good agreements with combining effect of graphite and non-graphitic carbon as 
analyzed in chapter two. The CNF mat delivered a charge and discharge capacity 
of 776 and 458 mA h g
-1
 in the 1
st
 cycle and nearly saturated to 280 and 281 mA 
h g
-1
 after 50 cycles. The related capacity of each cycle, the rate performance  
 
Figure 3.10. (a) Voltage profiles electrospinning fabricated CNF mat 
between 0.01 and 2 V at a charging rate of 0.1 C. The cycle numbers 
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are indicated in the figure. (b) Rate performance and columbic 
efficiency of the above sample. 
 
with higher current and columbic efficiency were summarized in Figure 3.10b. It 
is clear to see the columbic efficiency which is defined as discharge capacity 
divide by the charge capacity in the first cycle was only 60% and increased to 
almost 100% in the following cycle. The small columbic efficiency is induced by 
the large irreversible capacity which is related to the SEI formation as mentioned 
in chapter two. 
In summary, although both lithium intercalation and other storage 
mechanisms are possible in CNF mat, the slightly higher lithium storage capacity 
compared to graphite in the beginning of the cycling is far lower than we 
expected. Furthermore, similar problems of surface-electrolyte interface (SEI) 
formation and rather large Li insertion potential window as mentioned in non-
graphitic carbon in chapter two still exist. As a result, CNFs do not seem to offer 
a major route to improve the anode performance. Thus, searching for 
nanomaterial-based alternatives for graphite that combine inherent protection 
against lithium deposition, low cost, low toxicity, fast lithium insertion/removal 
speed and also higher capacity still remains challenging. 
 
3.3 Silicon-Coated Carbon Nanofiber Mat for Anode of Lithium Ion 
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Battery 
3.3.1 Introduction 
In order to improve the capacity of conventional carbon based materials, 
researchers have been focusing on the discovery of high capacity materials. 
Recently, silicon, a high lithium storage capacity material (specific capacity of 
3572 mA h g
-1
 at room temperature, corresponding to Li15Si4) has been proposed 
[39]. Yet, large volume expansion up to 400 % during charge/discharge causes a 
severe structural pulverization, making this material impractical. For instance, a 
simple deposition of Si thin film on metal substrate leaves crack formation during 
cycling and therefore a contact loss between active material and current collector 
occurs, leading to a poor cyclability, as shown in Figure 3.11 [40]. Si 
nanowires/nanotubes (NWs/NTs) fabricated by various methods on metal 
substrate could be an ideal approach to accommodate the volume change due to 
existence of sufficient empty space between adjacent NWs/NTs [41-42]. 
However, poor root adhesion with substrate and its brittle nature usually create 
troubles in traditional coin cell fabrication process. On the other hand, the major 
issue for Si nanoparticles, compared to Si NWs/NTs, is the formation and 
preservation of electrical contact between each nanoparticle and substrate [43]. 
This means that additional binder and conductive additives are usually needed, 
which is similar to carbon based powder materials as mentioned in section 3.1.3-
1 and will in turn increase the dead mass and thus reduce the capacity of the 
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electrode.  
 
 
 
 
 
 
 
Figure 3.11. (a) Structure deformation indication of Si based 
film/particles before and after charge/discharge cycling. (b) SEI 
images of CVD deposited Si thin film on Cu stustrate after 1
st
 and 
30
th
 cycles of charge/discharge. Cited and modified from Ref. [20]. 
Owing to these difficulties, several Si/nanocarbon composites have been 
proposed. Silicon has been successfully deposited onto carbon fibers or CNFs 
through chemical vapor deposition or sputtering [44-53]. Although Li storage 
capacity was improved due to the contribution of deposited Si layers, 
inhomogeneous deposition of Si atoms on fibers along the depth of the film 
diminishes the effect of Si layers. Si nanoparticles have been deposited on CNFs 
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by dispersing them in organic solution and then co-spinning onto metal substrate 
followed by heat treatment [50-53]. This causes again undefined nature of 
adhesion between Si nanoparticles and CNFs, which is closely related to the 
efficiency of charge transport across the interface. Electrochemical deposition of 
silicon onto CNF substrate is rather promising, since the liquid reaction is easy to 
handle with low cost and also the shape of silicon can be controlled by the 
deposition conditions. Apart from the fabrication benefits, the CNF mat is a free-
standing three dimensional skeleton and is conductive and porous so that the use 
of binders and conductive additives can be avoided.  
 
 
 
 
 
 
 
Figure 3.12.Schematic of the apparatus for electrodeposition of Si. 
The cell consists of three electrodes: woking electrode (as-fabricated 
CNF mat), counter electrode (Pt wire) and reference electrode 
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(Ag/Ag
+
). During the deposition, a Si-containing electrolyte (SiCl4 in 
PC) was add into the cell and a cyclic voltage scan (20 mV s
-1
) was 
applied to the electrodes. 
 
In this study, the free-standing CNF mat was fabricated by using 
electrospinning of polymer solution followed by stabilization and carbonization, 
as introduced in section 3.1.3-2. Si was deposited on the surface of CNFs by 
electrodeposition method through a home-made three-electrode cell. The cell 
configuration was shown in Figure 3.12. By varying the deposition conditions, a 
spaghetti-like Si layer with high surface area and porosity was formed. Si layer 
was uniformly coated over nanofibers independent of the depth of the film. More 
importantly, volume expansion was easily accommodated on the cylindrical 
fibers and highly porous network of CNF mat. High temperature annealing of 
1000 °C was performed to improve material purity and construct stable Si and 
CNF interface by forming Si-C bond. This free-standing Si-coated CNF mat was 
directly used as an anode material for LIB without using any additional metal 
substrate or extra binder materials. The capacity of Si/CNF mat anode was 
clearly improved by almost twice compared to that of graphite material. The 
detailed electrochemical analysis was provided in conjunction with structural 
properties.  
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3.3.2 Characterizations of CNF-Si Mat 
Figure 3.13a shows typical cyclic voltammograms (CVs) at a scan rate of 
20 mV s
-1
 for CNF in PC electrolyte with/without adding SiCl4. It is clear to see a 
reduction peak centered at around -2.0 V only in the case of electrolyte 
containing SiCl4. This suggests that Si ion is reduced into Si and deposited onto 
CNF mat during CV test following the electrochemical reaction SiCl4 + 4 e
-Si 
+ 4Cl
+
. Si loading amount on CNF mat was controlled by varying number of CV 
deposition cycles, as shown in Figure 3.13b. Mass (thickness) of Si/CNF mat 
keeps increasing from ~ 1 mg to ~ 4 mg (from ~ 25 m to 130 m), as the 
number of Si deposition cycles increased to 1000 cycles.  
 
  
Figure 3.13. (a) Cyclic voltammograms of silicon electrodeposition 
in PC solution with/without SiCl4 at a scan rate of 20 mV s
-1
. (b) 
Mass and thickness of Si/CNF mat with respect to different silicon 
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deposition cycles. The error bar is added in the figure. 
 
 A series of structure characterizations of Si/CNF mat of with 200 cycles 
CV deposition are shown in Figure 3.14. Micro-Raman spectra of bare CNF mat 
(also shown in Figure 3.9) and pristine Si/CNF mat (without annealing, indicated 
as Si-200-p) in Figure 3.14a shows intensity ratio of D band to G band (ID/IG) 
remained unchanged (∼ 0.83) between bare CNF and Si-200-p after 
electrodeposition of Si, indicating that carbon material is remarkably stable 
compared to traditional metal substrate in severe electrochemical environment 
[37]. However, in the case of Si/CNF mat after 1000 °C annealing (indicated as 
Si-200-a), the value of ID/IG slightly decreased to ~ 0.79, suggesting an improved 
graphitization in the CNF network. It is of note that no Si related peak can be 
found in Si-200-p. This could be ascribed to the highly disordered nature of the 
deposited Si which is caused by electrostatic clustering with alkyl terminators 
and also the presence of deposited electrolyte residues on the surface, as shown 
in Figure 3.15a [54]. On the other hand, three additional Si related peaks were 
shown in the spectrum of Si-200-a. It is known that first order transverse-optical 
(TO) phonon mode of crystalline Si (c-Si) will display a sharp peak at 520 cm
−1 
which usually becomes broaden and is downshifted when the long-range order in 
Si is lost [55]. In our case, the peak located at around 500 cm
-1
 was assigned to 
microcrystalline or nanocrystalline (c/nc) Si and a broad band at the low energy 
side originated from the presence of amorphous Si (a-Si). The peak near 300 cm
-1
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resembles transverse acoustic (TA) phonon mode of c-Si and could be softened in 
a-Si [55-57]. In addition, c-Si usually exhibits a small peak at 950 cm
-1 
which is 
related to the chemisorption of atomic/molecular oxygen species [58]. Here, we 
also found a softened peak at 920 cm
-1 
in Si-200-a. A red shift of 30 cm
-1
 is 
possibly caused
 
by the existence of a-Si [57]. All of these factors demonstrate 
that as-deposited Si is completely disordered and evolves into more distinct a-Si 
and c/nc-Si with additional oxygen species after high temperature annealing.  
 
 
 
Figure 3.14. (a) Micro-Raman spectra of bare CNF mat and Si/CNF 
mat with 200 cycles of Si deposition before/after annealing, indicated 
as Si-200-p and as Si-200-a in the figure. (b) XPS spectra of the 
electrode surface with active materials consisting of Si-200-p and Si-
200-a, respectively. 
   
Figure 3.14b plots the XPS spectra of Si/CNF mat with 200 cycles 
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deposition before and after1000 °C annealing. It is obvious to see that the 
intensities of Si 2s and Si 2p peaks increased clearly while the C 1s peak 
relatively decreased. In addition, Cl 2p peak which appeared in Si-200-p 
disappeared after annealing. After Si electrodeposition, certain amount of 
electrolyte could be decomposed and remained on the Si surface. After annealing, 
the residual film which mainly contained C, O, and Cl was removed, as seen in 
Figure 3.15. This is also in good corroboration with Figure 3.14a. 
 
 
 
 
 
 
 
 
Figure 3.15. SEM images of (a) Si-200-p and (b) Si-200-a samples. 
Dark color portion indicates electrolyte residues on the surface of 
CNF mat. After 1000 °C annealing, the uniform mat surface was 
observed by the removal of electrolyte, as shown in (b).  
 
Figure 3.16a is the SEM image of the bare CNF mat which already 
explained in Figuer 3.8. On the other hand, the Si-200-a sample displayed a 
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rough spaghetti-like surface, as shown in Figure 3.16b. The cross sectional view 
of Si-CNF core-shell structure was shown in the inset of Figure 3.16b. It is of 
note that the core-shell structure was formed uniformly independent of the depth 
over hundred micrometers, which is in good contrast with other methods such as 
sputtering and CVD, in which Si is not uniformly deposited along the depth of 
the sample. AFM morphology of the same sample was provided in Figure 3.16c 
with an amplified phase image in Figure 3.16d, again demonstrating rough Si 
surface on the surface of CNFs. This unique spaghetti-like Si structure provided 
large surface area compared to the flat Si thin film which can facilitate the charge 
transfer at the electrolyte/Si interface. Moreover, the volume expansion can be 
accommodated to certain degree by the high porosity of Si under the condition of 
200 cycles deposition which is certainly better than the thick Si layers.  
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Figure 3.16. (a) SEM images of as-synthesized bare CNFs and (b) 
Si-200-a. The cross-sectional images are shown in the insets. (c) 
AFM image of Si-200-a. The high resolution image of dashed square 
in (c) is shown in (d). 
 
Figure 3.17a is the TEM image of the Si-200-a sample. The layer thickness 
of deposited Si was ~ 20 nm in this case. The existence of Si on the surface of 
CNF was again confirmed by EDS line profile along the dashed line in the TEM 
figure, as shown in Figure 3.17b. The spaghetti shape of Si was not visible here 
probably due to the sample damage during TEM sample preparation process with 
sonication. Since the thin film of electrodeposited silicon is highly active and 
therefore can be oxidized immediately upon exposure to air during transfer from 
the glove box to TEM, or X-ray diffraction (XRD) measurements, the crystalline 
nature of the electrodeposited Si film is unlikely to be directly observed [59].  
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Figure 3.17. (a) TEM image of Si-200-a. The EDS line profile 
along the dashed line is shown in (b). 
 
To obtain information of interface between CNF and Si, C 1s and Si 2p 
peaks in XPS were deconvoluted, as shown in Figure 3.18. C 1s peaks before 
and after annealing were clearly distinct with each other. Clear Si-C peak near 
283 eV was visible in addition to small sp
2
 and sp
3
 peaks after annealing, while 
only intense sp
2
 and sp
3
 peaks were shown before annealing [60-61]. It is of note 
that the ratio of sp
3
 to sp
2
 peak was slightly reduced after annealing (from 62 % 
reduced to 48 %), revealing similar trend to the change of D/G ratio in Raman 
spectra, shown in Figure 3.14a. In addition, COx peak near 288 eV slightly 
increased after annealing [62]. Similar phenomenon was observed in Si 2p peak 
(Figure 3.18c, d). Before annealing, the main peak near 102.2 eV was SiOx peak 
with additional Si-Si peak near 99.3 eV [62]. After annealing, SiOx content was 
slightly increased due to ambient oxidation, in good agreement with C 1s peak 
analysis. More importantly, Si-C peak near 100.8 eV appeared after annealing 
[60]. The Si-C peak shown in C 1s and Si 2p after annealing comes from 
chemical bonding between CNF and Si at the interface. This peak is small due to 
narrow interface region, which is hardly observable by Raman spectroscopy, as 
shown in Figure 3a. The presence of such Si-C bonds at the interface may not 
contribute to Li storage but plays an important role in strengthening adhesion of 
Si layer to CNFs and furthermore efficient charge transfer at the interface during 
83 
 
lithiation/delithiation process [63-64].  
 
Figure 3.18. High-resolution XPS spectra of Si/CNF with 200 
cycles of Si deposition before and after annealing. Figure (a) and (c) 
are C 1s and Si 2p fitted peaks before annealing. (b) and (d) are C 
1s and Si 2p fitted peaks after 1000 °C annealing. Peak positions 
and relative ratios are shown in the figure. 
3.3.3 Anode Performance of CNF-Si Mat 
The electrochemical performance of bare CNF and Si/CNF mat was 
investigated in LiPF6/EC+ DEC solution. For better comparison, the bare CNF 
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mat was annealed (indicated as CNF-a) at the same condition as the composite 
mat. The electrochemical performance comparison between CNF-a and non-
annealed CNF was shown in Figure 3.19. In Figure 3.19a, lithiation/delithiation 
occurred below ~ 0.3 V in the cathodic/anodic scan which resembled the 
characteristic of hard carbon in the case CNF [35,38]. However, the cathodic 
peak below 0.1 V and the anodic peak at ~ 0.1 V belong to the characteristic of Li 
intercalation/deintercalation into graphitic layers in CNF-a [65-66].This 
manifests that our as-fabricated CNF mat contains a certain degree of 
graphitization and disordered phase which is consistent with Figure 3.14a and 
Figure 3.18 and also the improved graphitization degree of CNFs after 1000 °C 
annealing. In Figure 3.19b, the impedance profiles show decrease of both series 
resistance (the starting point) and charge transfer resistance (the radius of 
semicircle ) after 1000 °C annealing. This again can be attributed to the higher 
graphitization degree of CNF after annealing. 
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Figure 3.19. (a) CV profile comparison between bare CNF mat and 
CNF mat after 1000 °C annealing. The curves were recorded after 
1
st
 CV scan between 0.01 to 2 V at a scan rate of 0.1 mV s
-1
. (b) AC 
impedance spectra of the above two electrodes. The spectra were 
recorded right after the cell assembling before cycling. 
 
The CV curves of CNF-a and Si/CNF mat with 200 cycles of Si deposition 
were shown in Figure 3.20a. In the case of Si/CNF mat, no appreciable peaks 
related to LixSi alloy formation were observed in Si-200-p (dashed line). On the 
contrary, two pairs of redox reaction peaks were observed in Si-200-a (solid line). 
The sharp cathodic peak at ~ 0.01 V can be attributed to a combination effect of 
CNF mat and c-Si/a-Si. The cathodic peak (Li alloy) at 0.2 V and anodic peaks 
(Li dealloy) at 0.37 V and 0.52 V are due to the formation of amorphous LixSi 
phase and delithiation back to a-Si, respectively [67-68]. The increase of the peak 
intensities of a-Si with increasing the scan cycle numbers can be ascribed to the 
conversion of the c/nc-Si into amorphous phase during the repeated CV scans. 
The electrochemical analysis in Figure 3.20a provides us further understanding 
of the Si crystallinity which is again in good agreement with Figure 3.14a.  
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Figure 3.20. (a) The 2
nd
 and 10
th
 cyclic voltammograms of CNF-a 
(square), Si-200-p (dashed line) and Si-200-a (solid line) mats 
between 0.01 and 2 V at a scan rate of 0.1 mV s
-1
. (b) and (c) are 
voltage profiles of Si-200-p/Si-200-a and CNF-a/Si-200-a between 
0.01 and 2 V at a charging rate of 0.1 C. The cycle numbers are 
indicated in the figure. (d) Charge/discharge capacity and Coulombic 
efficiency of Si-200-a for the first 80 cycles. 
 
The 1, 2, 10, 30, 50
th
 galvanostatic charge/discharge (CD) profiles between 
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0.01 and 2 V of Si/CNF mat with 200 cycles deposition before/after 1000 °C 
annealing are plotted in Figure 3.20b. The CD rate was 0.1 C, where 1 C is 
defined to be 372 mA h g
-1
. Compared to Si-200-p which delivers a capacity 
around 300 mA h g
-1
, Si-200-a exhibited much higher capacity of almost 900 mA 
h g
-1
 at 1
st
 discharge and 730 mA h g
-1
 at 50
th
 discharge according to the total 
mass of Si and CNF with an average fading rate of 0.34 % per cycle. This can be 
attributed to the presence of a mixed phase of Si (c-Si and a-Si) and also the 
improved material purity after annealing by removing the electrolyte residues as 
discussed. Figure 3.20c is the galvanostatic CD profiles of CNF-a mat and Si-
200-a. The CD profiles of CNF-a mat has already explained in Figure 3.10. 
Compared to CNF-a mat, the Si-200-a sample showed a large capacity of 1650 
mA h g
-1
in the 1
st
 charge and a higher capacity by almost three times (730 mA h 
g
-1
) after 50
th
 cycles, since Si contains a higher Li storage capacity than carbon. 
However, the large capacitance loss of the first cycle related to the formation of 
the SEI layer was observed. Figure 3.20d shows capacity retention of the Si-200-
a sample at the specific charging rates. The discharge capacity at the 2
nd
 cycle 
was 710 mA h g
-1
 at 0.2 C, 637 mA h g
-1
 at 1 C and 565 mA h g
-1
 at 2 C. The 
Coulombic efficiency is defined as the ratio of the discharge to charge capacity 
and plotted in the same figure. The Coulombic efficiency of Si-200-a sample 
approached to 54 % at the 1
st
 cycle due to the SEI formation and increased to 
99 % after 20 cycles at 0.1 C rate. The value was smaller than the ideal efficiency 
because of the reformation of SEI layer on newly exposed Si during cycling with 
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a cost of Li consumption [69].
 
Compared
 
to the Si thin film on the two 
dimensional Cu substrate, the improved cyclic life was attributed to the highly 
porous three dimensional CNF substrate and also the unique Si spaghetti 
structure, which can both accommodate Si volume expansion. The comparison 
between our work and previous publications with respect to the different 
fabrication methods of Si/CNF composite structure was shown in Table 3.1. It is 
clear to see that our result showed reasonable capacity and also capacity retention. 
More importantly, our structure involved no metal substrate compared to others.  
 
Table 1. Anode performance comparison of silicon/CNF composites 
fabricated by different methods. CNF film is usually fabricated by 
mixing CNF powder with a binder. CNF mat is binder-free 
freestanding film fabricated by electrospinning method. 
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Structure 
Si deposition 
Method 
Mass 
[mg cm
-2
] 
Si mass 
ratio 
Current 
density 
[mA g
-1
] 
Capacity@cycles 
[mA h g
-1
][a] 
Capacity 
retention 
Remarks 
Structural 
features 
Si@CNF
[44]
 CVD 2 75 % 500 1600@55 80 % film Metal substrate 
Si@CNF
[45]
 CVD 4 37 % 50 766@20 80.3 % film 
CF mesh as a 
substrate 
Si@Hollow CNF
[46]
 CVD — 25 % 0.5C[b] 750@100 68.2 % film Metal substrate 
Si@CNFs
[47]
 Sputtering 0.4 16 % 50 1200@105 90 % film Metal substrate 
Si@VACNFs
[48]
 Sputtering 0.2 49 % 323 
2752@ 
100[c] 
89 % — 
VACNFs grown 
on metal 
substrate 
SiNWs@CNF
[49]
 VLS 3.6 80 % 342 1400@40 77 % film — 
Si/CNF
[50]
 
Si NPs in DMF & 
electrospinning 
— 16 % 100 773@20 90.4 % mat Metal substrate 
Si/CNF
[51]
 As above 1.6 26 % 50 726@40 46.8 % mat Metal substrate 
Si-CNF 
core-shell
[52]
 
As above — 50 % 240 1300@100 1 film Metal substrate 
Si/CNF
[53]
 
Si NPs in DI & 
electrospinning 
— 41 % 35 892@50 — mat Metal substrate 
Si/CNF (Ours) Electro-deposition 1 43 % 37 730@50 85 % mat 
No substrate 
No binder 
[a] Capacity is calculated based on silicon & carbon mass. [b] C rate is not mentioned in the reference. [c] Capacity is 
calculated based on silicon mass.  
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Figure 3.21. (a) Charge (filled symbols)/discharge (open symbols) 
capacity in terms of different numbers of silicon deposition cycles 
after high temperature annealing. Capacity was calculated based on 
silicon mass only. Sample indications are shown in the right dashed 
square. (b) AC impedance spectra of the above five electrodes. The 
spectra were recorded right after the cell assembling before cycling. 
The equivalent circuit is shown in the inset. The related resistance 
value in Figure (b) was plotted in Figure (c) with respect to different 
silicon deposition cycles. 
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For better understanding of the structure-related Li storage capacity, 
different Si amount was deposited on the CNF mat by varying the number of 
electrodeposition cycles. The capacity retention of Si/CNF mats (all after 
1000 °C annealing) upon the different Si deposition cycle numbers are 
summarized in Figure 3.21a. Here, the specific capacity was expressed in terms 
of net Si mass excluding carbon mass. The specific capacity with respect to net 
Si mass from the composite was calculated from the following equation: 
QSi  = mCNF/mSi {Qcomposite (1+ mSi/mCNF) – QCNF} 
 
where “Qcomposite” is the total capacity of CNF-Si composite according to the total 
mass of Si+CNF electrode. QSi (QCNF) is the specific capacity based on the net 
mass of Si (CNF). Here mSi (mCNF) is the mass of deposited Si (CNF) in the 
composite. The values of specific capacity was ~ 1545 mA h g
-1
 at the beginning 
of charge/discharge and were similar to each other regardless of the Si deposition 
cycle numbers. However, capacity retention became poorer as the Si loading 
amount increased, for example, the capacity of 200 and 1500 Si electrodeposition 
cycles was 1354 mA h g
-1
 and 873 mA h g
-1
, respectively. As the Si thickness 
increases, deformation energy of Si increases as well, inducing more crack 
initiation and propagation. In other words, in the case of thicker Si layers, crack 
generation caused by volume variation is more significant [43]. Therefore, 
thicker Si layer peels off easily and eventually the capacity degradation occurs 
more severely than that of thinner Si layer. The cohesive energy of Si-C bonds at 
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the interface between Si and CNF is helpful for structure stabilization against the 
increased deformation energy. Deformation energy is proportional to the 
thickness, while interfacial energy is constant. When deformation energy exceeds 
interfacial cohesive energy at critical layer thickness of Si, the structure of Si 
breaks down. On the other hand, Si shape transformation was observed from 
spaghetti-like to granule-like when CV deposition cycles keep increasing from 
200 to 1500, as shown in Figure 3.22. The thin Si layer fabricated with 200 
cycles CV deposition revealed a highly porous structure (See Figure 3.16), and 
therefore the volume expansion can be minimized compared to the thick granular 
shape Si layers.  
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Figure 3.22. SEM images of (a-b) Si-1500-p and (c-d) Si-1500-a 
samples.  
 
Nyquist plots of Si/CNF mat with different Si loading masses are plotted in 
Figure 3.21b. The curves were collected right before electrochemical 
charge/discharge cycling. All of the curves showed a depressed semicircle and a 
tail, which indicates the mixed kinetics and diffusion process. The semicircle in 
the high frequency range indicates the charge transfer resistance (Rct) at the 
interface between electrode and electrolyte. The tail at low frequency region 
implies a diffusion-controlled process. An equivalent circuit is shown in the inset 
where Rs, Cdl, and Zw represent respective series resistance of 
electrolyte/electrolyte contact, double layer capacitance, and Warburg impedance 
related to the diffusion of ions in the bulk electrode [70-71]. The value of Rs (first 
point) and Rct (diameter of semicircle) were extracted from Figure 3.21b and 
replotted in Figure 3.21c. As the Si loading amount increased, Rs slightly 
increased due to lower conductivity of Si. The Rct decreased sharply with Si 
deposition and then increased gradually as the Si coating amount increased. The 
origin of large value of Rct observed in bare CNF-a sample compared to the Si-
coated CNF sample could be the morphology difference between CNF-a and Si. 
The Si shell exhibited much rougher surface than that of bare CNF-a (See Figure 
3.16), which benefited the charge transfer process through large surface area. The 
different lithiation mechanisms between silicon and carbon may also play a role 
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here. The increase of Rct in Si/CNF mat with increasing Si deposition cycles is 
attributed to the larger granular size and less porosity of the deposited Si layers 
(See Figure 3.22a). The straight line can be interpreted as the resistance for the 
diffusion process of lithium ions into the electrode. The smaller angle between 
real axis and the straight line as the Si loading amount increases simply indicates 
again the limited diffusion of Li ions with increasing Si loading amount.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23. Charaterizations of Si-200-a electrode after 80 cycles 
charge/discharge. (a) Top-view SEM image, (b) Cross-sectional SEM 
image, (c) High resolution TEM image, and (d) AFM image. The SEI 
layer was selectively removed by washing the sample with acetonitrile 
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and diluted HCl. 
  
 Figure 3.23a and b show SEM images for the structural changes of Si-
200-a after cycling test. The SEI layer was selectively removed by using 
acetonitrile and then HCl prior to imaging [72]. Si layer became rough hairy and 
highly porous, compared to the one before cycling test in Figure 3.16. The lower 
density of Si suggested that some spaghetti type Si at the outermost surface was 
removed, as can be seen in the TEM image of Figure 3.23c. This is why capacity 
was degraded during cycling. Nevertheless, compared to the sample with hgiher 
Si loading amount (Figure 3.22c,d), the major portion of Si remained after 
cycling test (See AFM image of Figure 3.23d), retaining relatively high capacity 
and reasonable capacity retention. This is in fact corroborated to the robust Si-C 
bonds formed at the interface between Si and CNF which was achieved by 
1000 °C annealing. Free-standing CNF mat assembled through electospinning 
process without a binder or a metal substrate is a good platform to provide such 
robust Si-C bonds due to abundant existence of sp
3
 bonds at the surface of CNF, 
as discussed in Figure 3.14 and Figure 3.18. 
 
3.4 Summary of Chapter Three 
In this chapter, general introduction of common one dimensional carbon 
materials like CNFs and CNTs has been given. Compared to higher conductivity 
of CNTs, CNFs exhibit an easier Li insertion pathway and a cost effective 
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property which make them a good candidate for anode of LIB. Especially, the 
electrospinning method synthesized free-standing CNF mat has been intensively 
studied in this work since it prevents the use of metal substrate, binder and 
conducting polymers which usually increase the mass of electrode, degrade the 
long term stability and reduce the anode capacity. Due to the unsatisfied capacity 
of as-fabricated CNF mat, Si, a high capacity media was introduced into the three 
dimensional CNF network through electrochemical deposition. Once again, the 
structure involves neither a metal substrate nor binders. This could help us in 
designing anode structures with high capacity and long cycle life in an economic 
way. Thermal annealing of the combined mat at 1000 °C was necessary to 
remove undesired residues formed during electrodeposition process and to form 
strong Si-C bonds at the interface between Si layer and CNFs, which eventually 
improved adhesion of Si to CNF and furthermore facilitated efficient charge 
transfer between Si and CNF during lithiation/delithiation. This resulted in clear 
improvement of the capacity of carbon materials more than twice for most of 
cases. Optimization to improve composite structures for capacity, charge transfer, 
and cycle life is further required for industry applications.  
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CHAPTER FOUR 
Diffusion Mechanism of Lithium Ions through Basal Plane of 
Layered Graphene 
Recently, graphene, composed of monolayer of carbon atoms arranged in a 
honeycomb network, has emerged explosively and attracted much attention in the 
fields of materials science and condensed-matter physics. High mobility of 
graphene is probably the most fascinating properties for physicists and engineers, 
which is attributed to the linear band dispersion, leading to massless Dirac 
quasiparticle feasture. On the other hand, as the thinnest carbon material, 
graphene and graphene-based materials have promising applications in numerous 
energy sciences, for instance, Li-ion batteries (LIBs), fuel cells, and solar cells. 
In particular, these materials have superior electrical conductivities to graphitic 
carbons and higher surface area of over 2600 m
2
/g than CNTs, and a broad 
electrochemical window that would be more advantageous in energy storage. 
Thus, a series of research works on LIB based on graphene were performed 
intensively with the similar routes to the CNTs-based electrode materials for LIB 
[1-6]. Some scientists used graphene sheets directly as an anode material for LIB 
and found that they had improved electrochemical properties. For example, the 
first reversible specific capacity of the prepared graphene sheets with a specific 
surface area of 492.5 m
2
/g was as high as 1264 mAh g
-1
 at a current density of 
100 mA/g. After 40 cycles, the reversible capacity was still kept at 848 mAh g
-1
 
at a current density of 100 mA/g, higher than that of CNTs or CNF electrodes [7].     
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The interesting single atomic layer structure of Gr can also be used for 
fundamental science and a good candidate for the fundamental study of Li ion 
diffusion pathway in addition to its real applications as an anode in LIB. Large 
area single layer graphene (SLG) which consists of a clean basal plane for the 
study of Li insertion prevents the coexistence of both edge plane and basal plane 
in graphite that often hinders the understanding of lithium ion diffusion 
mechanism. Therefore, in this chapter, after a brief introduction which includes 
the general properties and production methods of Gr, the diffusion mechanism of 
lithium ion through basal plane of layered graphene has been intensively studied. 
In this case, two types of graphene samples were prepared by chemical vapor 
deposition (CVD): i) well-defined basal plane single layer graphene grown on Cu 
foil, ii) edge plane-enriched graphene layers grown on Ni film. Electrochemical 
performance of graphene electrodes has been examed based on different number 
of graphene layers and also different defect population on graphene basal plane. 
Density functional theory calculations were also provided to clarify the diffusion 
barrier heights for various types of defects.  
 
4.1 Brief Introduction of Two Dimensional Graphene 
4.1.1 General Physical Properties of Graphene   
Graphene, as a two-dimensional (2D) honeycomb lattice structure consists of 
sp
2
-hybridized carbon atoms in the form of one-atom thick planar sheet. This 
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unique material is a basic building block for many other carbon-based graphitic 
materials such as zero-dimensional (0D) fullerenes, one-dimensional (1D) carbon 
nanotubes, and three-dimensional (3D) graphite and is an excellent basic model 
for many other 2D materials (Figure 4.1) With its unique structure, graphene 
exhibits extraordinary thermal, mechanical, and electrical properties, which 
makes it a popular material in many different research areas, theoretically and 
experimentally.  
 
Figure 4.1. Graphene is a basic 2D building block for other carbon 
allotropes with different dimensionalities. Cited from Ref.[8]. 
 
The unusual electronic properties of graphene are originated from its unique 
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band structure. In the lattice of graphene, carbon atoms are located at each corner 
of hexagons binding with three neighboring carbon atoms. Carbon atom has four 
valance electrons, of which three of them were used for covalent σ-bonding with 
adjacent carbon atoms in graphene lattice. The remaining π-orbital determines 
the electronic structure of graphene which is "coupled" with the other π-electrons 
on adjacent carbon atoms. Each π-electron is delocalized, i.e., has a "field of 
influence" of 360 degrees around its own carbon atom within an individual 
graphene layer. The unit cell of graphene contains two π-orbitals (π and π*), 
which disperse to form two π-bands that can be considered as bonding (the lower 
energy valence band) and anti-bonding (the higher energy conduction band) in 
nature.  
 
Figure 4.2. a) Honeycomb lattice of graphene with two carbon atoms 
per unit cell. b) Tight-binding band structure of graphene π-bands, 
considering only nearest neighbor hopping. c) Band structure near K 
point showing the linear dispersion relation. Cited from Ref. [9]. 
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   The bonding-antibonding gap closes at the corners of the Brillouin zone, or 
the K points. (See Figure 4.2) As a result, the π-band dispersion is approximately 
linear around the K points: E = ħvF |k| where k is the wave vector measured from 
K, ħ is Planck’s constant, h divided by 2π, and vF is the Fermi velocity in 
graphene, approximately 10
6
 m/s. Since the electrons in graphene have kinetic 
energies exceeding their mass energy, electrons behave like photons or ultra-
relativistic particles with an energy-independent velocity vF that is approximately 
300 times smaller than the speed of light in vacuum, allowing relativistic effects 
to be observed in graphene without using particle accelerators [9]. These 
quasiparticles, called massless Dirac fermions, can be seen as electrons that have 
lost their rest mass m0 or as neutrinos that acquired the electron charge e [10]. 
This linear (or “conical") dispersion relation at low energies, electrons and holes 
near these six points, two of which are inequivalent, behave 
like relativistic particles described by the Dirac equation for spin 1/2 particles 
[11]. Dirac fermions behave in unusual ways when compared to ordinary 
electrons if subjected to magnetic ﬁelds, leading to new physical phenomena [12-
14] such as the anomalous integer quantum Hall effect (IQHE) measured 
experimentally [14-15]. The IQHE in graphene can be observed at room 
temperature because of the large cyclotron energies for “relativistic” electrons 
[16]. In fact, the anomalous IQHE is the signature of Dirac fermion behavior. 
With these properties, graphene is a perfect mixture of semiconductor (zero 
density of states) and a gapless metal which is quite different from other metals 
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and semiconductors with its very long mean free paths (Figure 4.3).  
Figure 4.3. Electronic Structure of: a) Metal: Finite Density of States 
(DOS) at Fermi energy. b) Semiconductor: Gap at Fermi energy. c) 
Graphene: Zero gap Semiconductor. Zero DOS metal. Cited from Ref. 
[18].The interesting 2D structure of graphene makes it a good 
candidate for electronic device applications [17]. Unlike an ordinary 
metal, in which any impurities in the crystal scatter electrons and so 
lead to energy loss, the electrical resistance in graphene is independent 
of the number of impurities. This means that electrons can travel for 
several microns without colliding with impurities, making graphene a 
promising material for a potential high-speed electronic switching 
devices called a “ballistic transistor”. Experimental transport 
measurements show that graphene has a unusual high electron 
mobility even at room temperature in excess of 15,000 cm
2
v
-1
s
-1
, of 
which mobilities for holes and electrons are nearly same [9,14,18-19]. 
Graphene has a number of other extraordinary properties such as strong 
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mechanical properties and high flexibility allowing strain based graphene 
electronics [20-21]. Another important aspect of graphene is its high thermal 
conductivity up to 5000 W/mK at room temperature, 20 times higher than that of 
copper, which could be exploited to applications in microelectronics and thermal 
management structures [22]. Its optical properties are strongly related to its 
electronic properties such as its low energy electronic structure where conical 
bands of electron and hole meet at the Dirac point resulting in unexpected high 
opacity. An atomic monolayer of graphene absorbs πα ≈ 2.3% of white light, 
where α is the fine-structure constant [23]. It has been shown that graphene 
system exhibits electrochromic behavior, allowing tuning of both linear and 
ultrafast optical properties [24-25]. 
 
4.1.2 Synthesis Methods of Graphene 
First attempts to understand graphene basic properties was made by micro-
cleavage method, which is a simple method to isolate graphitic layers from 
graphite into monolayer graphene flakes with the help of a cohesive tape [26]. 
Although many basic electronic properties of graphene such as the bipolar 
transistor effect, ballistic transport of charges, large quantum oscillations, etc., 
was explored by this method, for the large area graphene applications it was 
necessary to find other synthesis methods (Figure 4.4). For this purpose, 
epitaxial synthesis of graphene on different substrates was realized. Many 
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important graphene properties have been identified in graphene produced by SiC 
substrate. In this method, the face of SiC, silicon or carbon-terminated, is used 
for graphene formation in ultra high vacuum furnaces at very high temperatures 
(>1100 
o
C) to decompose SiC into graphene [27]. Another approach for epitaxial 
growth of graphene is studied on metal substrates, such as ruthenium, iridium, 
and nickel [28-30]. Although these substrates have been employed to obtain 
graphene, the interaction of graphene with underlying substrate and conducting 
behavior of these substrates necessitated the transfer of graphene layers onto 
other substrates for the application. Synthesis of large area few-layered graphene 
together with transferring onto another substrate has been realized by chemical 
vapor deposition (CVD) method on polycrystalline metallic substrates such as Ni 
and Cu [31-33]. Unlike the epitaxial growth techniques, CVD method has been 
realized by decomposition of carbon gases such as ethylene and methane 
followed by either carburization-precipitation, or surface adsorption of carbon 
gases. To fabricate devices, graphene, then, can be transferred by 
polymethylmethacrylate (PMMA) as a supporting layer after dissolving the 
underlying metallic substrate in a metal etchant and “fishing” the single-layer 
graphene up onto a desired substrate (e.g., SiO2/Si). This method will be 
explained in detail later. Graphene has been also derived from graphite oxide by 
thermal annealing or chemical reduction by hydrazine [34-35]. This method 
combining with the typical powder process (involves metal current collector and 
binders) as mentioned in chapter three has been considered as one of the most 
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popular one used in battery electrode fabrication. However, graphene produced 
by graphite oxide reduction is lower in quality compared to graphene obtained by 
aforementioned production methods due to incomplete removal of various 
functional groups by existing reduction methods.  
 
 
 
 
 
 
 
Figure 4.4 Production techniques of graphene: a) Micro-cleavage 
method, isolating graphitic layers from graphite into monolayer 
graphene flakes with the help of a cohesive tape, b) epitaxial growth 
of graphene by decomposition of SiC into graphene, c) chemical 
vapor deposition method by decomposition of hydrocarbon gases on 
metal substrates, and d) chemical exfoliation of graphite oxide by 
weakening van der Waals cohesive force via insertion of reactants 
into interlayer space.     
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4.2 Diffusion Mechanism of Lithium Ions through Basal Plane 
of Layered Graphene 
Graphite has been widely used for anode material in lithium ion battery due 
to its well defined layered structure for lithium intercalation, low operating 
potential, and remarkable interfacial stability [36]. Graphite has two 
characteristic planes: basal plane and edge plane which are parallel and 
perpendicular to the c-axis, respectively. It is known in general that the basal 
plane and edge plane exhibit different physical and chemical activities in many 
aspects, leading to different lithiation capabilities in graphite [37-38]. The 
diffusion time constant for Li ion insertion within the active graphitic flakes is 
governed by the formula τ = L2/2D, where L is the diffusion length (or radius of 
spherical flake) and D is diffusion coefficient [39]. Although lithium diffusion 
through basal plane is rather limited, lithium diffusion may still occur through 
several defect sites such as vacancies and grain boundaries [40-41]. Lithium 
diffusion through edge plane of graphitic flakes can be easily facilitated but 
further complicated by the presence of different functional groups such as 
hydroxyl and carboxyl groups. In other words, lithiation through these two 
different planes is highly anisotropic [42-46].  
One ambiguity in understanding diffusion pathway of lithium ions in 
graphite is the coexistence of both edge plane and basal plane in the sample. The 
presence of these two different interfaces is unavoidable in conventional graphite 
[32,47]. Currently available highly oriented pyrolytic graphite (HOPG), which is 
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well known as highly ordered crystallographic structure, has a finite size of 
flakes whose edge planes are still abundant in addition to basal planes. Therefore, 
lithium ion diffusion through basal plane cannot be observed exclusively [40-
43].Thus, a well defined basal plane of graphite with large area is required to 
have a comprehensive picture of lithium diffusion mechanism in lithium ion 
battery. 
 
Recently large area monolayer and multi-layer graphene have been 
synthesized by chemical vapor deposition (CVD) [32,47]. This paves a new route 
for exploring numerous new fundamental sciences and moreover developing 
numerous technological breakthroughs in electronics and energy storage [48-50]. 
Large area graphene can be transferred onto any substrate by a simple transfer 
process and therefore an anode electrode with layered graphene without leaving 
edge plane (or negligible portion of edge plane) is easily attainable. This provides 
an opportunity to study diffusion of lithium ions exclusively through the basal 
plane of graphene. 
 
On the other hand, in lithium ion battery, corrosion of conventional current 
collectors such as Al, Cu, and stainless steel (SUS) can adversely affect life time 
and safety through increased internal resistance, passivation of active materials, 
and consumption of electrolyte/ active electrode materials [51-57]. Anode 
performance of thin graphene layers can be misguided by the strong substrate 
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reaction since the most reactive lithium ions exist in electrolyte [58-59]. It has 
been proposed that monolayer graphene can be used as a protective layer for 
substrate against air oxidation and mild electrochemical reaction [60-61].
 
Therefore, information on the critical layer thickness of graphene (lc) to minimize 
the substrate effect and the influence of defects to lc are key ingredients to 
understand electrochemical reaction and protective nature of graphene layers 
under severe electrochemical condition.   
 
The main purpose of this work is twofold: i) To clarify lithium diffusion 
pathway through basal plane of graphene layers and ii) to investigate the 
influence of defect population to lithium ion diffusion and the protective ability 
of graphene layers. In this article, we prepared Cu-grown monolayer graphene 
(SLG) samples and Ni-grown multi-layered graphene (MLG) samples that are 
dominated with graphene basal plane and edge plane, respectively. We found that 
the electrochemical performance of few-layer graphenes (FLGs) which are 
overlapped up to three layers of SLG is strongly affected by the substrate 
reaction. Experiments with Ar plasma treatment indicated that 6 layers of basal 
plane-enriched large area graphene were needed to provide sufficient substrate 
protection. Combing the experimental results and density functional theory 
calculations, we proved that basal plane hindered lithium ion diffusion with a 
high diffusion barrier height, whereas divacancies and higher order defects can 
be shortcuts for lithium ion diffusion. 
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4.2.1 Material Preparation 
Large area SLG was synthesized on copper foil by atmospheric pressure 
(AP) CVD. Cu foil purchased from Nilaco (Lot No. 113321, 99.96 %, 100 μm in 
thickness) was preannealed to 1060 °C for two hours with 100 sccm of Ar gas 
and 200 sccm of H2 gas to enlarge Cu grain size and then chemico-mechanically 
polished with FeCl3 solution for flattening. The prepared Cu foil was then 
brought into the growth chamber. The temperature of the chamber was heated up 
to 1060 °C with 1000 sccm of Ar gas and 200 sccm of H2 gas for 20 min. 
Methane (5sccm) was then introduced with 10 sccm H2 gas for 5 min. After 
growth, the sample was cooled down to room temperature naturally in the same 
atmosphere. In the case of MLG synthesis, Ni thin film (300 nm) was deposited 
on SiO2 (300 nm)/Si by a thermal evaporator. This was placed in rapid thermal 
CVD chamber. Temperature was increased to 1000 °C in 5 min in vacuum. Ni 
surface was reduced by flowing 45 sccm H2 gas at 1000 °C. The gas mixing ratio 
of C2H2:H2 was optimized to 2:45 sccm and flown for a minute. After completion 
of growth, the gas supply was terminated and the chamber was cooled down to 
room temperature. The detail has been described elsewhere [62-63].
 
 
4.2.2 Transfer Process of a Graphene  
    PMMA (e-beam resist, 950 k C4, Microchem) was spin-coated on the 
graphene/Cu foil (Ni film) at 1000 rpm for 60 s. To etch away Cu foil (Ni film), 
the sample was submerged in a copper etchant (CE-100, Transene) for ∼30 min 
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(4 hours for Ni film). After rinsing by deionized water for a few times, 
PMMA/graphene layer was fished onto the CR 2032 cell case coated with 
lithium-reaction resistive polymer, as shown in Figure 4.5. PMMA was removed 
by acetone later after graphene was completely dried and attached onto the cell 
case. The transferred sample was then annealed up to 650 °C for 5 h in high 
vacuum (1 x 10
-6
 Torr) for further removal of PMMA [63-64].  
 
Figure 4.5. Schematic of fabrication process with Cu-grown SLG 
or Ni-grown MLG (left panel). Bilayer and trilayer graphene can be 
fabricated by transferring monolayer graphene repeatedly. 
Photograph of as-prepared monolayer graphene (PMMA on top) 
floating in water and CR 2032 coin cell case (right panel). 
  
4.2.3 Characterization of a Graphene 
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Figure 4.6 shows a schematic of the CR 2032 coin cell type battery. The 
half cell was then fabricated with a counter/reference electrode of Li foil for the 
test of Li diffusion through well defined basal graphene plane (Figure 1f). 
Bilayer and trilayer graphene coin cells were also fabricated by transferring 
monolayer graphene repeatedly. MLG was synthesized on Ni film to represent 
graphene where the edge plane was enriched and the half cell was fabricated 
similarly. 
 
 
 
 
 
 
 
Figure 4.6. Schematic of a coin cell structure with Cu-grown SLG 
or Ni-grown MLG. Bilayer and trilayer graphene coin cells were 
fabricated by transferring monolayer graphene repeatedly. 
 
In order to clarify the quality and layer number of graphene, a series of 
characterization was done, as shown in Figure 4.7. Figure 4.7a and b are optical 
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micrographs of the transferred SLG and MLG on SiO2/Si substrate, respectively. 
The SLG grown on Cu foil was rather flat except small portion (~ 4%) of bilayer 
and trilayer graphene domains represented by the dark spots (arrows) in the 
image (Figure 4.7a). Some wrinkles indicated by the white dashed lines 
introduced during transfer process were also visible. Contrary to this, Ni-grown 
MLG showed multi-layered flakes represented by the white spots (arrows) in 
Figure 4.7b, creating numerous edge planes, as can be visualized in Figure 4.7c. 
Micro-Raman spectra in Figure 4.7d clearly show G-band near 1590 cm
−1
, 
which is related to optical E2g phonon at the Brillouin zone center indicating sp
2
 
hybridization of carbon network, and G’-band around 2694 cm−1, which is also 
known as 2D-band, an overtone of D-band, in both samples [66].
 Large G’/G 
intensity ratio (~ 2) with a small D-band near 1350 cm
−1
, which corresponds to 
transverse optical phonon near the K point and indicates sp
3
 hybridization of 
carbon network, was observed in SLG, indicating high quality monolayer 
graphene. On the other hand, the intensity ratio of G’/G which is less than one 
reveals multi-layered properties of Ni-grown graphene. Defect distribution was 
shown in the images of confocal Raman mapping of D/G intensity ratio in 
Figure 4.7e and Figure 4.7f. Defects indicated by bright spots were scattered 
uniformly over the surface, while grain boundary lines were faintly visible in 
SLG. Small flakes were visible in MLG (Figure 4.7f). Although D-band 
intensity was barely visible in Figure 4.7d, we clearly observed from D/G band 
mapping that some defects were distributed in both samples. Transmittance of 
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each graphene layer transferred onto PET substrate was provided in Figure 4.7g. 
The transmittance of SLG was 96.5%, slightly smaller than HOPG value of 
97.7%, which may be attributed to some portion of multi-layered domains 
formation as described in Figure 4.7a [67]. Correspondingly, bilayer and trilayer 
graphene samples revealed a systematic reduction in the transmittance. The Ni-
grown MLG showed 63.6% of transmittance, corresponding to 15 layers in 
average by assuming 2.3 % absorption per each layer [68]. Optical photographs 
were provided to visualize different transmittances with different number of 
graphene layers in Figure 4.7h.  
 
Figure 4.7. Optical micrographs of (a) Cu-grown SLG and (b) Ni-
grown MLG on SiO2/Si substrate. White dashed lines indicate 
wrinkles. Some portion of thicker graphene is indicated by arrows. 
(c) Schematic of (i) SLG with a well defined basal plane and (ii) 
edge plane enriched MLG. (d) Micro-Raman spectra of SLG and 
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MLG. Confocal Raman mapping of D/G intensity ratio of (e) SLG 
and (f) MLG from squared positions of (a) and (b). The contrast is 
normalized to 0.4 to visualize the defect distribution for both 
images. (g) Wavelength-dependent transmittance (values are 
provided at a wavelength of 550 nm) and (h) optical photographs of 
different number of graphene layers on PET substrate. 
 
4.2.4 Anode Performance of a Graphene 
Electrochemical measurements of different layers of Gr samples were 
performed with a CR2032 coin cell using VMP3 instrument (BioLogic Science 
Instruments). The cell was assembled in a dry room using CR 2032 cell case with 
different number of graphene layers and bare foil (SUS 316) as a working 
electrode, lithium metal foil as a counter/reference electrode, and a 1 M of LiPF6 
in a 1:1 (v/v) mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) as 
an electrolyte. A glassy carbon microfiber was used as a separator. The cells 
were charged and discharged galvanostatically between 3.0 and 0.01 V at a 
constant current of 5 A/cm2. The AC impedance spectra were obtained by 
applying a sine wave with an amplitude of 10 mV over a frequency range of 100 
kHz to 10 mHz [69]. Figure 4.8a shows cyclic voltammograms (CV) of different 
number of graphene layers at a scan rate of 0.1 mV/s from 0.01 V to 3 V. The 
bare SUS electrode showed an anodic peak near 1.03 V (SO) and a cathodic peak 
around 0.78 V (SR). These redox peaks involve chemical reactions with Li ions 
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and possibly electrolytes. Both anodic and cathodic peaks were reduced in the 
monolayer graphene electrode. These peaks were reduced consecutively in 
bilayer and trilayer graphene electrodes. It is obvious to see that the redox 
reaction of the bare SUS electrode was suppressed by the coated graphene layers. 
An additional cathodic peak appeared near 0.28 V in bilayer and trilayer samples. 
Origin of these peaks could be ascribed to defect-associated lithium adsorption 
[41]. At MLG (15 layer graphenes) sample, a sharp cathodic peak near 0.01 V 
(LiIn) is identified as lithium intercalation and a rather broad peak near 0.12 V 
(LiDe) is related to decomposition of graphitic intercalation compound (GIC) 
stages [58]. It is of note that the bare SUS-related peak was nearly compressed in 
this case. Both LiDe and LiIn peaks appeared in this case, in good contrast with 
FLG samples in which only a clear LiIn peak was observed, suggesting that no 
GIC stages were formed in FLGs. The distinct CV behavior of FLGs and MLG 
demonstrates that lithium ion intercalation becomes more effective in MLG 
induced by the considerable amount of edge planes, as shown in Figure 4.7b. 
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Figure 4.8. (a) Cyclic voltammograms of different number of 
graphene layers samples at a scan rate of 0.1 mV/s. SUS-related 
redox reaction peaks (SO, SR) and lithium 
intercalation/deintercalation related peaks (LiIn/LiDe) are marked in 
the figure. (b) 1
st
 and (c) 2
nd
 galvanostatic charge/discharge profiles 
of different number of graphene layers at a current density of 5 
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A/cm2. (d) The related layer-dependent capacities. Two regimes of 
corrosion-dominant and lithiation-dominant are indicated. 
 
Figure 4.8b shows the 1
st
 galvanostatic charge/discharge profile with a 
voltage sweeping range of 0.01 ~ 3 V at a constant current of 5 A/cm2. As the 
number of graphene layers increased, long tail appeared in the charge curve at 
low voltage region. At MLG sample, a plateau appeared in the range of 1.25 - 0.6 
V. In graphitic material, the solid-electrolyte interface (SEI) formation via 
electrolyte decomposition takes place in the range of less than 1.0 V [43, 68, 70-
71]. The SEI formation potential varies with types of graphite planes. In general, 
SEI forms at higher potential in edge plane than in basal plane [72-74]. 
Therefore, we ascribed this plateau in MLG to edge plane-related SEI formation. 
In the 2
nd
 cycle, the voltage profile shows a gradual change in a wide range of 
voltages during charge/discharge, revealing a V-shape curve, i.e., no plateau 
region, as shown in Figure 4.8c. This is in good contrast with a U-shape curve in 
graphite electrode, where the edge plane intercalation is dominant in the plateau 
region of low voltage within 0.1 V [68,75] Capacities of graphene coated 
electrodes in Figure 4.8c were consistently smaller than that of the bare electrode, 
and furthermore much smaller by about 30 times than the recently reported 
graphene battery result [51]. The huge capacity difference comes from the use of 
different substrates, as shown in Figure 4.9. 
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Figure 4.9. Cyclic voltammograms at a scan rate of 0.1 mV/s (a) 
and 2
nd
 galvanostatic charge/discharge profiles (b) at a current 
density of 5 µA/cm
2
 of bare CR2032 coin cell case and foil SUS 
316. 
 
Abundant reaction peaks and larger area of CV curve indicate that more 
severe corrosion reaction occurs in the case of foil SUS 316 in Figure 4.9a. The 
capacity indicating substrate corrosion intensity obtained from the cell case in 
Figure 4.9b shows almost 8 times smaller than that of the SUS 316. This huge 
capacity difference can be attributed to the corrosion resistive polymer coated on 
the cell case. The capacity of bare foil SUS (~14 µAh/cm
2
) is still smaller than 
the reported value for graphene on Cu substrate (~ 40 µAh/cm
2
) in Ref. 53, i.e., 
Cu reaction is much stronger than SUS 316 reaction. Therefore, the relative 
higher capacity can be understood by the effect of Cu substrate.This also implies 
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that in spite of graphene layers coated on the electrode with well defined basal 
plane, the reaction with electrode did occur inevitably.   
 
The related layer-dependent capacities are summarized in Figure 4.8d. As 
the number of graphene layers increased, the 1
st
 charge capacity increased rapidly 
up to trilayer graphene electrode and saturated at the MLG electrode. As 
described in the schematic of Figure 4.7c, the basal plane is exposed during 
lithiation up to three layers, whereas both edge plane and basal plane are present 
in 15 layers. Two different types of SEI are formed: i) basal-plane associated SEI 
(b-SEI) which is formed up to 3 graphene layers and ii) edge-plane associated 
SEI (e-SEI) which is formed in MLG sample. It has been known that b-SEI 
formed at lower potential is associated with solvent reduction, while e-SEI 
formed at higher potential is associated with salt ions [72-74, 43].
 
Since our basal 
plane contains abundant defect sites, as observed from Figure 4.7d and e, some 
decomposed solvent molecules may further diffuse into the subjacent layers 
along with Li ions or in a form of lithium salvation and form additional b-SEI 
layer. This is why b-SEI increases as the number of graphene layers increases at 
FLG samples. At MLG electrode, both b-SEI and e-SEI are formed. Although e-
SEI increases in this case, b-SEI is reduced compared to FLG electrodes due to 
the decrease of effective basal plane area of 15 layers (See Figure 4.7c) and 
therefore the capacity from SEI formation is saturated in the 1
st
 charge.  
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    On the other hand, the 1
st
 discharge capacity decreased gradually up to 
three layer graphene electrode and increased at 15 layer electrode. Similar trend 
was also observed in the 2
nd
 charge/discharge profile. The discharge capacities of 
the 2
nd
 cycle were not much different from those of the 1
st
 cycle. Large capacity 
of the bare SUS electrode was reduced by coating graphene layers up to three 
layers. This gradual reduction was also expected from the reduced areas of CV 
curves in FLGs (Figure 4.8a). This implies several facts: i) SUS substrate 
reaction is systematically suppressed with increasing number of graphene layers 
ii) Because lithium ions can diffuse through basal plane of graphene, monolayer 
graphene is not sufficient to prohibit substrate reaction. Since the pure basal 
plane presumably does not allow Li diffusion, the diffusion may be provoked 
through some defect sites that exist on the graphene plane, as observed from the 
D/G intensity ratio of confocal Raman mapping in Figure 4.7e. This will be 
described later in detail. In FLG samples, If we presume capacity only to be 
contributed from intercalation (0.028 μAhcm-2 / interlayer in the case of LiC6), 
the intercalation capacity reaches 0.056 μAh/cm2 at trilayer graphene sample. 
This value is negligible to the capacity (0.73 μAh/cm2) observed in our 
experiment. This tells us that even if intercalation of lithium ions was invoked, 
the observation was still obscured by the dominant SUS redox reaction. By 
noting a linear decrease of the capacity and hence extrapolating to a minimum 
capacity, lc to sufficiently prohibit the SUS redox reaction is predicted to be ~ 6 
128 
 
layers. As the number of graphene layers increases, the capacity from the SUS 
redox reaction decreases, while the capacity reduction will be compensated by 
the intercalation capacity between graphene layers. After 6 layers, the capacity 
starts increasing by the pure intercalation. We can define substrate corrosion-
dominant region up to 6 layers and lithiation-dominant region after 6 layers, as 
visualized in Figure 4.8d.  
 
 
 
 
 
 
 
Figure 4.10. AC impedance spectra obtained by applying a sine 
wave with an amplitude of 10 mV over a frequency range from 100 
kHz to 10 mHz. The inset shows impedance at higher frequency 
region to demonstrate charge transfer resistance. 
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In order to get the complete image of substrate-related corrosion behavior, 
we performed AC impedance measurement to 6 layers of graphene in the full 
frequency range of 100 kHz to 10 mHz by applying a sine wave with an 
amplitude of 10 mV, as shown in Figure 4.10. All of the impedance spectra 
consisted of a depressed semicircle in higher frequency (Figure 4.10 inset) and a 
straight line with different angles to the real axis in the lower frequency range. 
The depressed semicircle usually can be deconvoluted into two semicircles, 
resulting from SEI formation and charge transportation. Since this measurement 
was carried out without any charge/discharge test, the formation of the SEI 
would be minimized. Therefore, the main contribution of this semicircle could be 
attributed to the charge transport. The charge transport resistances of graphene-
coated samples were obviously larger than that of bare SUS coin cell case which 
can be indicated by the increased diameters of semicircles. Smaller angles of 
graphene electrodes than SUS electrode in the straight line region again 
demonstrated difficulty of lithium ion diffusion into graphene electrodes. All of 
these proved that graphene can be a good protective layer by limiting the ion 
diffusion process at the SUS/graphene interface. Especially, at six layers of 
graphene electrode, the charge transport resistance is largest and the angle of 
straight line is smallest compared to the electrodes coated with one, two, and 
three layers of graphene. This is because further overlapping of larger area 
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graphene can further minimize lithium ion diffusion which will provide much 
better protective ability compared to less number of graphene layers.  
 
Figure 4.11. Theoretically estimated capacity based on LiC6 
intercalation. No absorption of Li ions occurs at monolayer 
graphene. 
The theoretically estimated capacity at 15 layers (or effectively 9 layers, see 
Figure 4.11), is 0.2 μAh/cm2. However, this value is still far smaller than the 
observed value of 1.30 μAh/cm2. This extra capacity could be ascribed to the 
lithium adsorption on defects of the graphene surface, which can be supported by 
the widely distributed defects observed from confocal Raman mapping in our 
experiments (Figure 4.7f). In the 2
nd
 cycle, the discharge capacity was smaller 
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than the charge capacity consistently, nearly independent of the thickness of 
graphene layers. This difference of 0.35 μAh/cm2 in the charge/discharge 
capacity is irreversible capacity and can be ascribed to strongly adsorbed lithium 
ions on defects such as vacancies or grain boundaries formed on the graphene 
layers. This will be discussed in the theory section later.  
 
Since defects on graphene basal plane seem to play an important role in 
lithium diffusion, a systematic study is required for comprehensive analysis. 
Thus, structural defects of graphene were created by Ar
+
 bombardment with 
different plasma powers (15W, 100W) for one minute. The transferred graphene 
was brought into vacuum chamber with a base pressure of 1 x 10
-6
 Torr and then 
filled with Ar gas of 100 sccm for a minute, followed by the plasma ignition. 
This was repeated layer by layer to obtain Ar
+
 plasma-treated FLG samples. 
Figure 4.12a shows Raman spectra of Ar plasma-treated monolayer graphene. At 
15 W plasma power, D/G intensity ratio was increased to 0.56 from 0.19 in no 
plasma-treated pristine graphene, implying structural defect formation in the 
graphene plane. At 100 W, one additional peak near 1620 cm
-1
 (D’) appeared in 
addition to further increase of D-band intensity (D/G intensity ratio is 1.66), 
indicating plausible formation of structural defects. No peak splitting of G-band 
into G
+
 and G
-
 peaks indicates that our process does not involve strain-induced 
effect. Figure 4.12b shows CV diagrams for SLG electrode with different 
plasma powers at a scan rate of 0.1 mV/s. It is obvious to see that the redox 
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reaction peak intensities of SO and SR related peaks were enhanced and the 
related peak positions were also shifted after plasma treatment. Those peaks are a 
combination of defect-associated adsorption and SUS substrate reaction, as 
mentioned in Figure 4.8a. Additional redox reaction due to the generated basal 
plane defects by plasma treatment is provoked. Since the protective layer is 
monolayer graphene, extra lithium ions adsorbed on defects could easily reach 
the SUS substrate, thus increasing the substrate redox reaction. The 2
nd
 
galvanostatic charge/discharge capacity of SLG increased accordingly compared 
to the pristine graphene sample, as shown in Figure 4.12c. The enhanced 
capacity was attributed to the increased adsorption of Li ions on defects and 
increased substrate reaction, as mentioned in Figure 4.12b. The 2
nd
 charge 
capacity kept increasing with increasing plasma power, independent of the 
number of graphene layers, as summarized in Figure 4.12d. The substrate redox 
reaction was also suppressed, which is identified by the capacity decrease with 
increasing number of graphene layers similar to that of pristine graphene samples.  
 
Smaller capacity was increased in FLG electrodes compared to that of SLG 
after plasma treatment and generated different slopes, as shown in Figure 4.12d. 
The absolute slope increased from 0.26 to 0.56 with increasing the plasma power. 
Extrapolation of these slopes, which determines the critical layer thickness to 
prohibit substrate reaction, gave rise to lc of ~ 6 layers independent of the plasma 
power, i.e., defect population. This is rather surprising, because creation of more 
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defects in the basal plane is expected to increase basal-plane diffusion of Li ions 
which will eventually increase substrate redox reaction (See Figure 4.12b, c) and 
thereby larger critical layer thickness should be required after strong plasma 
treatment. In order to explain this contradictory phenomenon, a schematic of Li 
diffusion through defects in the basal plane is provided in Figure 4.12e. In the 
case of SLG, Li ion diffusion is allowed through defect sites and no lateral 
diffusion limitation is expected, since the graphene layer is fully surrounded by 
Li ions in electrolyte. Therefore, higher defect population will enhance Li ion 
adsorption and also substrate reaction. In the case of FLGs where large area basal 
plane is dominant, graphene layers are overlapped with each other so that Li ions 
will diffuse through defects perpendicular to the plane of top layer first and 
diffuse along the plane of subjacent graphene layer until they meet another defect 
site. Since these Li ions may accumulate near the defect sites generated by Ar 
plasma, Li diffusion along the plane direction will be limited by the steric 
hindrance from aggregated Li atoms, which is different from the SLG case. 
Therefore further Li diffusion through graphene basal planes in FLGs is 
constrained severely by the lateral diffusion at higher defect density. Thus, when 
FLGs are used as a protective layer, the defects-related lithium adsorption on 
subjacent graphene layers and actual lithium ion reaction with substrate are 
suppressed, which is again consistent with the reduction of reaction with 
substrate are suppressed, which is again consistent with the reduction of the 
peaks in CV diagram. As a consequence of these phenomena, the critical layer 
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thickness gives rise to the same value, independent of the defect population. It 
will be worth mentioning the possibility of forming oxygen-related functional 
groups on defect sites. Li ions can be also adsorbed on such sites and thus our 
argument of lateral diffusion suppression by the steric hindrance is still valid.  
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Figure 4.12. (a) Raman spectra, (b) cyclic voltammograms at a scan 
rate of 0.1 mV/s, and (c) 2nd galvanostatic charge/discharge 
profiles at a current density of 5 A/cm
2
 for monolayer graphene 
treated by Ar plasma with different plasma powers (15 W and 100 
W). (d) Capacity of 2
nd
 charge as a functional of number of 
graphene layers under different Ar plasma powers. Absolute slopes 
according to different plasma powers and critical layer thickness (lc) 
are indicated in the figure. (e) Schematics of proposed Li diffusion 
mechanism through defects on the basal plane with different defect 
population. Broad down arrows indicate Li ion diffusion through 
defect sites of basal plane. Red glows represent steric hindrance for 
Li ion diffusion formed by the accumulated Li ions or functional 
groups. The inset in the right indicates the relative magnitude of 
diffusion coefficient. (f) Relationship of D/G ratio with the 
extracted slope from (d). 
 
It is intriguing to see the relationship between D/G intensity ratio from 
Raman spectra and the slope extracted from charge/discharge profiles, as shown 
in Figure 4.12f. The slope which indicates Li diffusion through graphene layers 
is correlated to the population of defects in the graphene plane. The larger slope 
implies the slower diffusion rate and vice versa. Li ion diffusion is limited by the 
Li aggregates adsorbed on the increased defect sites described in the schematic 
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Figure 4.12e. Thus, information of Li diffusion obtained from electrochemical 
test could be used as a metric for evaluating the graphene crystallinity, an 
important material parameter of graphene.  
 
In order to understand what type of defects allows Li ion diffusion through 
basal plane of graphene, we conducted density functional theory calculations for 
various defects: ideal hexagonal site (H site), Stone-Wales defect (SW), 
monovacancy (V1), and divacancy (V2). The density functional theory 
calculations were performed within generalized gradient approximation as 
implemented in DMol3 code. All electron Kohn-Sham wave functions were 
expanded in a local atomic orbital basis set with each basis function defined 
numerically on an atomic centered spherical mesh. A double numeric polarized 
basis sets (DNP) were used for all elements. The dangling bonds of graphene 
edge were saturated by hydrogen atoms and the atomic cluster structure which 
consists of 120 carbon atoms and 48 hydrogen atoms were relaxed fully until the 
force on each atom is less than 10
-4
 eV/Å and the total energy change is less than 
5×10
-5
 eV. The damped atom-pairwise dispersion corrections of the form C6R
-6
 
were also considered for calculations. Li adsorption energy was calculated by 
Ead(Li) = Etot(Li+carbon) - Etot(Li)- Etot(carbon), where Etot(Li) is the self energy 
of lithium atom and Etot(carbon) is the total energy of carbon system. Various 
local charges were also calculated using Mulliken, Hirshfeld, and electrostatic 
potential (ESP).  
137 
 
 
 
 
 
138 
 
Figure 4.13. Side and top views of atomic configurations (top 
panel), isosurface images of electrostatic potential (second panel), 
bond lengths and local charge distributions at the barrier states 
(third panel), and the diffusion barrier profiles of Li (bottom panel) 
through (a) graphene hexagonal site (H site), (b) Stone-Wales (SW) 
defect (c) monovacancy (V1), and (d) divacancy (V2). Isovalue for 
rendering isosurfaces is 0.25 e/Å
3
. The insets in the third panel 
show isosurface image of electrostatic potential for each 
corresponding structure without Li ion. Bond lengths (yellow color) 
and electrostatic potential charges (white color) are in units of Å 
and electrons, respectively. 
 
Li atom adsorbs on the H site with a bond length of 2.35 Å above the 
graphene plane and with an adsorption energy of -1.69 eV, as shown in the upper 
panel of Figure 4.13a and Table 4.1. Li ESP charge at H site is partially depleted 
to 0.62 e. The ESP charge of Li atom at barrier state is 0.28 e, much less 
compared to that at the binding site. This charge difference between adsorption 
and barrier state is an important variable in determining the Coulomb interaction 
energy. As the Li approaches to the barrier site, the available space for Li is 
narrow with a short separation distance of 1.52 Å, invoking severe charge 
overlapping between Li and adjacent carbon atoms, as can be seen in the 
electrostatic potential contour in the second panel of Figure 4.13a. This increases 
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repulsive forces, giving rise to large diffusion barrier height of 10.2 eV, similar to 
the previous report (Table 4.1) validating our approaches. Similar situation takes 
place in the SW defect which is abundant in the graphene grain boundary. The Li 
adsorption energy near the heptagon is -1.94 eV, slightly stronger than that of H 
site. Although the charge overlapping is still severe, a longer separation distance 
of 1.60 Å and also much less charge difference between adsorption and barrier 
state (0.04 e) forms a relatively smaller activation barrier height of 6.35 eV than 
that of H site, as shown in Figure 4.13b. In the case of V1, Li adsorbs at the 
vacancy site with an adsorption energy of -3.12 eV, keeping closer distance (2.03 
Å), as shown in the top panel of Figure 4.13c. The excess charge difference of Li 
atom between adsorption and barrier site is 0.18 e and the closest separation 
distance at the barrier site is 1.36 Å. Charges are distributed not only on the Li 
and carbon sites but also between them, implying both covalent bonding and 
ionic bonding characters due to charge depletion from Li atom. This produces a 
large diffusion barrier height of 8.86 eV. On the other hand, V2 provides a rather 
large open space with an adsorption energy of -2.36 eV near the middle of the 
two dimers (top panel of Figure 4.13d) such that a large separation distance of 
2.90 Å is maintained. This gives minimizes electrostatic charge overlapping and 
a large bond length of 1.83 Å at the barrier state, i.e., steric hindrance is 
minimized, as shown in the second and third panels in Figure 4.13d. The charge 
difference between the adsorption and the barrier states is 0.04 e. All of these 
factors induced a smallest diffusion barrier height (2.36 eV) among the defects 
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we studied. This barrier height can be overcome under the typical charging 
conditions of the battery. 
 
4.3 Summary of Chapter Four 
We have studied lithium diffusion pathways with two types of graphene 
samples prepared by CVD; i) well-defined basal plane graphene grown on Cu 
foil and ii) edge plane-enriched graphene layers grown on Ni film. We have 
discovered that electrochemical reaction of electrode (substrate/graphene) not 
only is related to the number of graphene layers but also relies on the defect sites 
on the basal plane of graphene. The experimental and calculated results related to 
the specific type of defects such as divacancies and higher order defects that can 
assist lithium ion diffusion through basal plane could help us in designing high 
capacity and highly conductive corrosion-free electrode for lithium ion battery. It 
would be reasonable to expect that substrate protective nature of few-layer 
graphenes could be the basis of further investigation of preparing original 
substrate which remains unaltered properties and has longer lifetime under severe 
electrochemical corrosion conditions for battery. Furthermore, by correlating the 
lithium diffusion in graphene layers to the D/G intensity ratio from Raman 
spectra, we developed a way of predicting the graphene crystallinity from 
electrochemical method.  
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SUMMARY 
 
Carbon-Based Nanomaterials as an Anode for Lithium Ion 
Battery 
The improvement of the capacity of raw CNF mat has been realized in the 
current research through electrochemical deposition of Si. The Si/CNF mat 
prevents the use of metal substrate, binder, and conducting polymers. However, 
several drawbacks of the current free-standing Si/CNF mat structure need to be 
mentioned: (i) The as-fabricated CNF mat exhibited a rather lower conductivity 
compared to that of CNTs which could be the reason for the original low capacity 
(< 300 mAh/g) of raw CNF mat. (ii) The flexibly of the as-fabricated CNF mat 
reduces after high temperature annealing which hinders the further investigation 
for flexible anode applications. These two factors can be further improved by the 
incorporation of CNTs, graphene flakes or other more advanced materials. (iii) 
Although the interfacial binding strength of Si and CNF was improved by the 
formation of Si-C bond through annealing as discussed in the context, structural 
pulverization of deposited Si film induced by the large volume expansion during 
charge/discharge was still observed in the current structure. Therefore, increasing 
the Si anchoring sites on the CNF mat by the surface functionalization and 
enhancing the degree of entanglement through the introduction of CNTs could 
provide better structure stability. The optimization to improve composite 
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structures for capacity, charge transfer, and cycle life is further required for 
industry applications. 
 
On the other hand, in order to clarify the Li diffusion pathways through 
graphene plane and the role of defects in Li diffusion to reveal the mystery of Li-
C system, graphene was used as a media for the study of this fundamental 
science of diffusion in this work. We found that the electrochemical performance 
of few-layer graphenes which are overlapped up to three layers of single layer 
graphene is strongly affected by the substrate reaction. Experimental results 
showed that 6 layers of basal plane-enriched large area graphene were needed to 
provide sufficient substrate protection from severe electrolyte attack. Li diffusion 
across the pure basal plane of graphene is strongly limited and nevertheless non-
negligible diffusion is still allowed, suggesting possible diffusion through defects 
that might be formed on the graphene plane. Combing the experimental results 
and density functional theory calculations, we found that divacancies and higher 
order defects can be shortcuts for lithium ion diffusion with respect to the 
graphene basal plane. Further exploration of high energy density and long 
lifetime anode by fabricating high capacity materials on graphene could be an 
interesting research direction in the future. 
 
Key Words:  nanocarbon materials, lithium ion battery, carbon nanofiber, silicon,  
            Graphene 
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